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This review represents a comprehensive analysis on pollutants in elasmobranchs including 
meta-analysis on the most studied pollutants: mercury, cadmium, PCBs and DDTs, in muscle 
and liver tissue. Elasmobranchs are particularly vulnerable to pollutant exposure which may 
pose a risk to the organism as well as humans that consume elasmobranch products. The 
highest concentrations of pollutants were found in sharks occupying top trophic levels 
(Carcharhiniformes and Lamniformes). A human health risk assessment identified that 
children and adults consuming shark once a week are exposed to over three times more 
mercury than is recommended by the US EPA. This poses a risk to local fishing communities 
and international consumers of shark-based products, as well as those subject to the 
widespread mislabelling of elasmobranch products. Wider screening studies are 
recommended to determine the risk to elasmobranchs from emerging pollutants and more 
robust studies are recommended to assess the risks to human health. 
 











1.  Introduction 
Human activities are the main driver behind the rapid loss of the world’s biodiversity (Derraik, 
2002; Sanderson et al., 2002; McKee et al., 2004). Factors such as pollution, climate change, 
overexploitation and habitat loss now affect most marine ecosystems on the planet, with 
human activities causing irreversible damage (Derraik, 2002; Islam and Tanaka, 2004; Dulvy 
et al., 2014; EEA, 2018). In recent years there has been growing concern for the increasing 
prevalence of pollutants in the marine environment, their effect on marine organisms, and 
subsequent effects on humans (Tanabe et al., 1983; Blocksom et al., 2010; Corsolini et al., 
2014; Jepson et al., 2016). Persistent organic pollutants (POPs), heavy metals, crude oil and 
marine debris (e.g. marine litter or microplastics) represent the most common marine 
pollutants globally (United Nations Environment Program, 2017). Some of these substances 
are used intentionally as disease and pest control, as well as in manufacturing and industrial 
processes. These substances can also be produced unintentionally as by-products through 
industrial processes such as waste incineration, vehicle emissions, and cigarette smoke, as 
well natural processes such as volcanic activity and forest fires (El-Shahawi et al., 2010; 
Megson et al., 2013; WHO, 2020). Pollutants can enter the aquatic environment through 
atmospheric deposition, erosion, urban discharge, combustion and industrial charges (Wang 
et al., 2004; Morrison and Murphy, 2010; Megson et al., 2013).  
 
Many pollutants bioaccumulate and biomagnify, and thus, apex predators usually have 
exposure to disproportionately high concentrations of pollutants compared to environmental 
levels. Pollutants in teleost fish, molluscs and marine mammals have been well-studied 
(Tanabe et al., 1983; Streit, 1998; Blocksom et al., 2010; Sharma et al., 2014; Jepson et al., 
2016; Barone et al., 2018; Desforges et al., 2018), and have been shown to cause adverse 
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health effects including suppressed reproductive development effects, immunosuppression, 
endocrine disruption and oxidative stress (Letcher et al., 2010). Less attention has been paid 
to pollutants in elasmobranchs compared to other vertebrate groups, which is especially 
concerning in light of the high trophic position of elasmobranchs and their continued 
population decline (Dulvy et al., 2014). 
 
Elasmobranchs belong to the class Chondrichthyans, which are cartilaginous fish that make 
up one of the oldest and most ecologically diverse vertebrate lineages, arising over 420 
million years ago. They occupy the top tiers of aquatic food chains and are present in every 
ocean. Many elasmobranchs play a crucial role in the top-down control of coastal and oceanic 
ecosystem structure and function (Ebert et al., 2013; Dulvy et al., 2014). It is estimated that 
30% of all Chondrichthyan species are currently threatened with extinction, where 21% of 
rays and skates, and 17% of sharks are classified as threatened (encompassing IUCN Red List 
categories ‘critically endangered’, ‘endangered’ and ‘vulnerable’). In reality, this number is 
likely to be higher due to the large proportion (n = 438) of species that are listed as ‘data 
deficient’ and have not (yet) been assessed (Dulvy et al., 2008, 2014; Gray and Kennelly, 2018; 
IUCN, 2020). Elasmobranchs exhibit biological and ecological traits similar to those of large-
bodied mammals; maturing late, reproducing slowly, having small numbers of offspring 
(García et al., 2008; Dulvy et al., 2014). The combination of these traits and their high trophic 
level puts elasmobranchs at relatively higher risk from exposure to pollutants.  
 
All humans are exposed to pollutants throughout their lifetime, with diet being the most 
significant exposure pathway for many pollutants that bioaccumulate (e.g. lipophilic 
compounds such as PCBs) (Johansen et al., 2004; Fleming et al., 2006; Sharma et al., 2014). 
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Twenty seven percent (1.9 billion people) of the world’s population lives within 100 km of the 
coast (Fleming et al., 2006; Kumma et al., 2016). Although variable globally, many of these 
coastal countries and communities depend on fishing as a source of income, and seafood can 
make up the majority of their diet (Johansen et al., 2004; Fleming et al., 2006; Zheng et al., 
2007; Brunner et al., 2009; Sharma et al., 2014; Bruce-Vanderpuije et al., 2019). Exposure to 
pollutants such as PCBs, mercury and dioxins, have been linked to cancer, liver and kidney 
damage, immunosuppression, reproductive defects, and endocrine disruption (Vračko et al., 
2007; Zheng et al., 2007; Kim et al., 2013; EFSA et al., 2019). Pregnant women and young 
children are especially vulnerable to the health risks associated with exposure to these 
contaminants (Patandin et al., 1999; Bruce-Vanderpuije et al., 2019). Although 
elasmobranchs may not typically be considered as a primary food source in many non-coastal 
regions, products deriving from sharks, rays and skates are consumed, and used worldwide 
(Staffen et al., 2017; Almerón-Souza et al., 2018; Bernardo et al., 2020). Examples of 
consumption include shark fin soup, the use of traditional Chinese medicine (e.g. gill plates) 
and the intake of dietary supplements (e.g. liver oil and cartilage supplements). In addition, 
compounds deriving from elasmobranchs have been found in cosmetic products (Wong et al., 
2009; Liu et al., 2013; Dulvy et al., 2014; Fields et al., 2015; Zeng et al., 2016; Cardeñosa et al., 
2017; Steinke et al., 2017; Almerón-Souza et al., 2018; Ferretti et al., 2020). Shark meat is also 
often unintentionally consumed when it is mislabelled (e.g. as other types of elasmobranchs 
or teleost fish), which means that consumers are unaware that they are consuming shark 
products (Hobbs et al., 2019; Pazartzi et al., 2019). Shark may be traded under names such as 
‘white fish’, ‘corvina’, ‘toyo’, or ‘cação’, and can end up being consumed in countries where 
eating sharks is not culturally popular (Bornatowski et al., 2014; Almerón-Souza et al., 2018; 
Bernardo et al., 2020), as shown in the recent study that found threatened shark species (e.g. 
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spiny dogfish) being sold at fish and chip shops in the UK (Hobbs et al., 2019). This is especially 
concerning due to the high concentrations of pollutants found in sharks (Holmes et al., 2009; 
Barbuto et al., 2010; Filonzi et al., 2010; Gilbert, Baduel, et al., 2015; Gilbert, Reichelt-
Brushett, et al., 2015; Alves et al., 2016). 
 
Despite the ecological and economical importance of elasmobranchs, the impact 
contaminants have on their health is poorly understood, as are the risks to humans through 
consumption of shark meat. No previous reviews have been carried out for pollutants in all 
elasmobranchs, the most recent review was performed on rays and skates only (Batoids) 
(Bezerra et al., 2019). The aim of this manuscript is to address this current knowledge gap by 
providing a thorough review of pollutant concentrations in all elasmobranchs (but with a 
specific focus on sharks). Specifically this review aims to 1) identify publication trends for 
elasmobranch pollution studies, 2) examine the variation in pollution concentrations between 
taxa, and determine elasmobranch groups most at risk from exposure to marine pollution, 4) 
relate concentrations of pollutants to toxic thresholds and discuss potential risks of 
consuming shark meat from a human health perspective, and 5) identify current knowledge 
gaps and discuss future recommendations. 
 
2. Methods 
2.1. Study selection 
The present systematic review follows the 2009 PRISMA guidelines (Moher et al., 2009) to 
identify research articles on marine pollution in elasmobranchs (flowchart, SI 1.1.). Eligibility 
for inclusion in this review was assessed independently by two reviewers (GPT and DB). 
Studies were incorporated based on the following inclusion criteria: the study reported on 
 7 
pollutant concentrations in elasmobranchs (though the study did not have to focus primarily 
on elasmobranchs to be considered for inclusion), the study was published between January 
1999 and November 2019, the study was published in a peer-reviewed journal, and the study 
reported original research. Studies were considered from any country or region and on any 
contaminant type, as long they were published in English. Information on other taxa (non-
elasmobranchs) were not included in this study. ‘Grey literature’ was not considered in this 
study as these papers often do not undergo the same peer-review process and are often not 
available online. 
 
The following search terms were used to identify papers on two separate search engines 
(Web of Science and Scopus): “shark*”, “ray*”, “sawfish*”, “skate*”, “elasmobranch*”, 
“contaminant*”, “contamination”, “heavy metal*”, “persistent organic pollutant*”, 
“microplastic*”,  “organochloride”, “tissue*”, “fin*”, “ingest*”, “bioaccumulation”, 
“bioaccumulate*”. The following text “AND not x-ray” had to be specified as an exclusion 
criterion due to the high volume of papers identified in the initial search that were not 
relevant. Google Scholar was excluded, as it returned a large number of non-relevant papers 
(over 1000). A number of papers were found based on the studies identified through the 
above search; for example, three additional papers were added based on the systematic 
review published on trace metals and POPs in rays and skates (Batoids) (Bezerra et al., 2019). 
 
2.2. Data collection 
For every eligible study, general information was collected including author(s), year 
published, journal, pollutant (e.g. POPs, trace elements, plastic and radionuclides), taxa 
(species, family, order and superorder), common name, total number of elasmobranchs, area 
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of study, ocean, risk to organism and/or humans and whether the primary focus was on 
elasmobranchs. The trophic level for all species identified from the scientific literature was 
sourced from FishBase (Froese and Pauly, 2019). The tissue type analysed was also recorded, 
specifically whether this concerned liver, fin, kidney, gills, reproductive organs, 
gastrointestinal system, or other. Reproductive organs included: egg, embryo, gonads, yolk, 
ovaries and ova; digestive system included: stomach, stomach content, digestive system, 
intestine and intestinal tract. The current IUCN Red List status (IUCN, 2020) of each species 
was recorded. Species were also grouped into their superorder Selachimorpha or Batoidea. 
IUCN status 2020 was categorised as followed; DD = Data Deficient, LC = Least Concern, NT = 
Near Threatened, VU = Vulnerable, EN =Endangered and CR = Critically Endangered. 
Pollutants were grouped into five categories: POPs, plastic, trace elements, radionuclides and 
other (SI 1 and 2).  
 
2.3. Meta-analysis 
A meta-analysis was carried out on total mercury (THg), cadmium (Cd), ΣPCB and ΣDDT 
concentrations in the muscle and liver tissue of elasmobranchs and were recorded on a wet 
weight basis (dry and lipid weight in SI 1.8. and 2.2.). Muscle and liver tissue were recorded 
as these were the most commonly reported tissue types, as well as being the most significant 
in terms of human exposure (through consumption). Data was converted to ng g-1 when 
necessary. Mean values were calculated when more than one individual was reported for one 
species. Where ranges were reported, a simple average of the upper and lower bounds of the 
range was calculated. Genders were grouped together, as were different age classes, so the 
meta-analysis could be focused on evaluating trends in the concentration of pollutants in 
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different elasmobranch groups. Mean concentrations were reported to three significant 
figures. 
 
2.4. Statistical analysis 
Statistical analysis and data visualisation were carried out in R 3.6.1 (R Core Team, 2019). Data 
was tested for normality with all variables found to be not normally distributed; non-
parametric statistical methods were used. A chi-square goodness of fit test was used to 
examine whether the frequency of studies published across oceans and seas was evenly 
distributed. Wilcoxon rank-sum tests were used to compare differences in pollutant 
concentrations between muscle and liver tissue and, also between Selachimorpha and 
Batoidea. Kruskal-Wallis rank-sum tests and pairwise multiple comparison test (‘Kruskalmc’) 
using the “pgirmess” package (Giraudoux, 2018) were used to assess differences in pollutant 
concentrations across orders for both tissue types.  
 
3. Publication trends 
3.1. General information  
This review examined a total of 176 studies on pollutants in elasmobranchs that were 
published between January 1999 and November 2019. Sixty-five percent of these studies 
were solely focussed on elasmobranchs (n = 115) and 35% included other organisms (e.g. fish 
and marine mammals) (n = 61). The most-studied tissue types included muscle (68%), liver 
(47%) and organs within the gastrointestinal tract (17%). Other tissue types included fin 




3.2. Overview of pollutants studied 
A total of 111 papers focussed on trace elements, 59 on POPs, 12 on plastic, 7 on 
radionuclides, 3 on cholinesterases (ChEs) and lipid peroxidation (LP), 1 on endocrine-
disrupting chemicals, and 1 on synthetic musk fragrances. Sixty three percent (n = 111) of all 
studies were focussed on trace elements (see SI 2.1. for more details), with 84% (n = 93) of 
these papers examining mercury (Hg) and 41% (n = 45) examining cadmium (Cd). Studies on 
POPs made up 32% (n = 57) of the total number of studies, where PCBs (74% of these studies; 
n = 42) and DDTs (55% of these studies; n = 31) were the most studied POPs. Other POPs 
included polybrominated diphenyl ethers (PBDEs), polychlorinated dibenzo-p-dioxins 
(PCDDs), polychlorinated dibenzofurans (PCDFs) and dioxin-like PCBs (DL-PCBs), non-dioxin-
like PCBs (NDL-PCBs), organochlorine pesticides (e.g. DDT and its metabolites, dieldrin, endrin 
and chlordane), hexachlorocyclohexane (HCH) and hexachlorobenzene (HBH), 
chlorobenzene, per- and polyfluoroalkyl substances (PFAS), polycyclic aromatic hydrocarbons 
(PAHs), and halogenated flame retardants (HFR).  
 
Ninety-two studies (52%) discussed pollutant exposure risk in elasmobranchs, and 96 (55%) 
discussed the risks to humans. Forty-five studies (26%) discussed both the risks to 
elasmobranchs and humans, while 33 (19%) studies did not discuss risks to either 
elasmobranchs or humans.  
 
There was a spike in the number of studies focussing on pollutants in elasmobranchs from 
2013 to 2017, especially with regard to trace elements and POPs (figure 1). This could be due 
to the recent advances in cheaper, faster and more accurate analysis techniques as well as an 
increase in interest from human health and environmental perspectives (Cole et al., 2011; 
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Wright et al., 2013; Boucher and Friot, 2017). Plastics, such as microplastics and single-use-
plastic, have become a recent important environmental concern and focus for researchers, 
this is evident from the increase in studies from 2016 onwards (figure 1) (Wright et al., 2013; 
Ivar Do Sul and Costa, 2014; Gall and Thompson, 2015; Miranda and de Carvalho-Souza, 2016; 
Alomar and Deudero, 2017; Fossi et al., 2017; Pegado et al., 2018; Smith, 2018). The media 
and documentaries, such as Blue Planet II (presented by the BBC), have shifted consumers’ 
views, as well as aided in the adoption of new laws on microplastics and single-use-plastic 
(Barboza and Gimenez, 2015; Xanthos and Walker, 2017; Henderson and Green, 2020). The 
recent advances in analysis techniques have allowed for a wider scope of studies focussing 
on emerging pollutants (Nikolaou et al., 2009); in spite of this, most of the studies targeted 
trace elements, PCBs, and DDTs, which may be because there are more standardised methods 
to analyse these pollutants in elasmobranchs rather than microplastics, and some of the more 
emerging and toxic POPs that require lower detection limits (e.g. dioxins, PFAS and 
halogenated flame retardants). 
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Figure 1. Total number of studies carried out on different pollutant types (Plastic, POP, Radionuclide and 
Trace Element, Other). Total number of studies (n=176); some studies reported on more than one type of 
pollutant (January 1999 – November 2019). 
The majority of studies were published on trace elements (n = 62) and POPs (n = 31) in 
Carcharhiniformes, followed by trace elements in Rajiformes (n = 20), Squaliformes (n = 20) 
and Lamniformes (n = 19) (SI 1.5.). Forty-nine species of rays and skates (Batoidea), and 47 
sharks (Selachimorpha) were reported on three times or less. Fifty-five species, 13 families 
and four orders were recorded for superorder Batoidea. The most represented Batoid species 
were thornback skates (Raja clavata) (8 studies), brown skates (Raja miraletus) (5 studies) 
and starry skates (Raja asterias) (5 studies). A total of 80 species, 20 families and six orders 
were recorded for superorder Selachimorpha. The most reported on shark species were blue 















































































































and small spotted catsharks (Scyliorhinus canicula) (19 studies). Hence, there appears to be a 
publication bias towards common and globally occurring species of sharks that are frequently 
caught in longline fisheries.  
 
3.3. IUCN status 
Species reported were categorised into groups based on their IUCN Red List status (IUCN, 
2020), and their superorder (Selachimorpha or Batoidea). Three species of sharks were 
classed as CR, 7 as EN, 17 as VU, 18 as LC, 14 as DD, and 5 species were unknown. For rays 
and skates, one species was classed as CR, 6 as EN, 9 as VU, 7 as NT, 17 as LC, 13 as DD and 7 
species were unknown. No studies reported on species of sawfish from the order Pristiformes 
despite their endangered and critically endangered IUCN status (IUCN, 2020). Most studies 
focussed on species that were listed as vulnerable or least concern. 
 
3.4. Geographical distribution 
There was relatively good global coverage of studies focussing on elasmobranchs, but the 
majority were carried out in the North Atlantic Ocean (63 studies), North Pacific Ocean (42 
studies) and Mediterranean Sea (36 studies). Lesser studied areas included the South Pacific 
Ocean (14 studies), Indian Ocean (15 studies) and South Atlantic Ocean (21 studies) (figure 2) 
(see SI 1.6. for specific sampling locations). Areas in the Southern Hemisphere such as the 
South Pacific (including Eastern Pacific), South Atlantic and Indian Ocean (including the Red 
Sea and Persian Gulf) received proportionately less attention despite being global hotspots 
for elasmobranch occurrence (Lucifora et al., 2011; Dulvy et al., 2014; Gray and Kennelly, 
2018; Derrick et al., 2020). With a bias towards certain regions, we may not understand the 
full extent to which elasmobranchs are exposed to pollutants. This is especially concerning as 
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large-scale commercial fisheries often overlap with these hotspots putting humans at risk 
from exposure to high concentrations of pollutants if they consume products from these 
areas (Lucifora et al., 2011; Ferretti et al., 2020). It is crucial that future studies focus on 
regions that have received less attention in order to accurately identify the global threats to 
marine organisms as well as the humans that consume these products. 
 
Figure 2. Geographical distribution from studies published on pollutants in elasmobranchs. The numbers 
represent the number of studies performed for each ocean (North Pacific, South Pacific, North Atlantic, 
South Atlantic and Indian Ocean), with the coloured shading showing how many studies were conducted 
by each country. The number of studies were not even across area of study (χ2 = 56.885, df = 5, p < 0.001) 
where more studies were published in the North Atlantic Ocean than other locations. 
 
4. Concentrations of pollutants in elasmobranchs 
A meta-analysis was carried out on the concentrations of THg, Cd, ΣPCBs and ΣDDTs in the 
muscle and liver tissue of different elasmobranch orders, as these were the most represented 
pollutants in the literature. A total of 108 from the initial 176 studies were included in the 
meta-analysis (74 studies on mercury, 35 on cadmium, 41 on ΣPCBs and 28 ΣDDTs) (see SI 1.8. 
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and SI 2.2. for more information). Within the literature there was variation in how 
concentrations were reported as either dry weight, lipid weight or wet weight was used. To 
allow comparisons between pollutants and enable a human health risk assessment, only wet 
weight (n = 75) is discussed within the body of this review, however all dry weight and lipid 
weight data is presented in SI 1.8. and 2.2. 
 
4.1.1. Total mercury (THg) 
Mercury concentrations were significantly higher in muscle (1430 ± 2330 ng g-1) than in liver 
tissue (522 ± 971 ng g-1) (Wilcoxon: W = 966, p < 0.001). Pairwise comparisons indicated that 
THg concentrations of muscle tissue in Carcharhiniformes (1520 ± 1900 ng g-1, n = 826) and 
Lamniformes (2580 ± 4790 ng g-1, n = 195) were significantly higher than concentrations in 
liver tissue (839 ± 1438 ng g-1, n = 84 and 85.5 ± 53.6 ng g-1, n = 108) (figure 3). THg did not 
differ between orders in liver tissue (Kruskal – Wallis: χ2 = 9.79, df = 5, p = 0.081), but did in 
muscle tissue (Kruskal – Wallis: χ2 = 25.965, p < 0.01). A multiple comparison test on muscle 
tissue indicated that concentrations of mercury were higher in Carcharhiniformes (1520 ± 
1900 ng g-1, n = 1739), Lamniformes (2580 ± 4790 ng g-1, n = 508) and Squaliformes (1610 ± 
1040 ng g-1, n = 415) than in Myliobatiformes (383 ± 350 ng g-1, n = 195) (figure 3). Mercury 
concentrations in liver tissue ranged between 4 ng g-1 in giant manta rays (Mobula birostris) 
(n = 6) caught along the coast of Takoradi, Ghana (Essumang, 2009) and 20,800 ng g-1 in short 
fin mako sharks from Southern California, North Pacific (Lyons et al., 2015). Mercury 
concentrations in muscle tissue ranged between 4 ng g-1 in giant manta rays (n = 6) from 
Takoradi, Ghana (Essumang, 2009) and 4620 ng g-1 in smooth tooth black tip sharks 
(Carcharhinus leiodon) (n = 7) from the Arabian Gulf (Moore et al., 2015).  
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Figure 3. Total mercury (THg) concentrations in the muscle and liver tissue of different elasmobranch 
groups reported globally. Values are reported in ng g-1 on wet weight (w.w.) basis. The tolerable 
concentration of THg in one serving of fish (113 g) for adults indicated with a blue dashed line, and one 
serving of 28 g in children (two-years-old) with a red dashed line. The upper limit was set at 464 µg kg-1 (ng 
g-1) per week for adults and the lower limit at 335 µg kg-1 (ng g-1) per week in children (EPA, 2020). 
 
4.1.2. Cadmium (Cd) 
Cd concentrations were significantly higher in liver tissue (7050 ± 21200 ng g-1) than in muscle 
tissue (160 ± 397 ng g-1) (Wilcoxon: W = 917, p<0.001). Pairwise comparisons indicated that 
Carcharhiniformes (7730 ± 15100 ng g-1) and Rajiformes (16300 ± 34200 ng g-1) had 
significantly higher concentrations of Cd in muscle than liver tissue (451 ± 813 ng g-1 and 115 
± 181 ng g-1) (figure 4). Cd concentrations did not differ between orders in muscle tissue 
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(Kruskal – Wallis: χ2 = 6.802, df = 6, p = 0.339) but did in liver tissue (Kruskal – Wallis: χ2 =12.51, 
df = 5, p < 0.05). A multiple comparison test indicated that Carcharhiniformes (7730 ± 15100 
ng g-1, n = 84) had significantly higher concentrations of Cd in their liver than Torpediniformes 
(45 ± 19 ng g-1, n = 155) (figure 4). The lowest concentrations of Cd in muscle tissue of 10 ng 
g-1 were observed in sandy (Leucoraja circularis) (n = 20) and shagreen skates (Leucoraja 
fullonica) (n = 24) from Bay of Biscay and the Celtic Sea (Nicolaus et al., 2017), blue sharks (n 
= 20) from southwest waters of Portugal, North East Atlantic (Alves et al., 2016), and 
whitespotted bamboo sharks (Chiloscyllium plagiosum) (n=26) from the southern waters of 
Hong Kong (Cornish et al., 2007). The highest Cd concentrations in muscle tissue of 2000 ng 
g-1 were observed in small tail sharks (Carcharhinus porosus) (n = 12) from Atlantic waters 
surrounding Trinidad and Tobago (Mohammed and Mohammed, 2017). Cd in the liver ranged 
between 17 ng g-1 in giant manta rays (n = 6) from Takoradi, Ghana (Essumang, 2009) and 
87,200 ng g-1 lesser guitarfish (Acroteriobatus annulatus) (n = 19) from False Bay and Saldanha 
Bay, South Africa (Morris et al., 2016).  
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Figure 4. Cadmium (Cd) concentrations in the muscle and liver tissue of different elasmobranch groups 
reported globally. Values are reported in ng g-1 on a wet weight (w.w.) basis. The maximum concentration 
of Cd in one serving (113 g) of fish for adults is indicated with a blue dashed line, and one serving of 28 g in 
children (two-years-old) with a red dashed line. The upper limit was set at 1660 µg kg-1 (ng g-1) per week 
for adults and the lower limit at 1200 µg kg-1 (ng g-1) per week in children (FAO and WHO, 2013; EFSA, 
2016). 
 
4.1.3. Polychlorinated biphenyls (PCBs) 
ΣPCB concentrations were significantly greater in liver tissue (6380 ± 9720 ng g-1) than in 
muscle tissue (14 ± 14 ng g-1) (Wilcoxon: W = 125, p < 0.001), though a pairwise comparison 
did not indicate any significant differences within orders. No significant difference was 
observed in ΣPCB concentrations between each order in muscle (Kruskal – Wallis: χ2 = 5.42, 
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df = 3, p = 0.143) and liver tissue (Kruskal – Wallis: χ2 = 6.959, df = 3, p = 0.073) (figure 5). 
Concentrations of ΣPCBs in muscle tissue ranged from 1 ng g-1 in barndoor skates (Dipturus 
laevis) (n = 13) from Cape Cod, Massachusetts, USA  (Lyons and Adams, 2017) to 44.5 ng g-1 
in Greenland sharks (n = 3) from North East Greenland waters (Corsolini et al., 2014). ΣPCBs 
in liver tissue ranged from 35.6 ng g-1 in Greenland sharks (n = 43) from the Kongsfjorden 
area, Svalbard, Norway (Molde et al., 2013) to 30,000 ng g-1 in one short fin mako shark from 
Huntington Beach, California, USA (Lyons et al., 2015). Although the total PCB concentration 
of elasmobranch orders are reported here, these values should be taken tentatively. Due to 
the different approaches of each study (i.e. taking a subset of PCBs or excluding DL-PCBs), it 
makes comparing PCB concentrations across orders and the two tissues types challenging. 
This is an inherent issue when comparing PCB data sets as researches use different analytical 
techniques and report “total PCBs” in different ways (Megson et al., 2019). Therefore, these 
values should only be used as a conservative guideline to indicate the potential health risks 
to elasmobranchs as well as humans consuming products deriving from elasmobranchs. 
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Figure 5. ΣPCB concentrations in the muscle and liver tissue of different elasmobranch groups reported 
globally. Values are reported in ng g-1 on a wet weight (w.w.) basis. No tolerable limit was considered 
against this data due to inconsistencies in reporting PCB concentrations in the literature. 
 
4.1.4. Dichlorodiphenyltrichloroethane (DDT) 
ΣDDT concentrations were significantly greater in liver tissue (19500 ± 37100 ng g-1) than in 
muscle tissue (10 ± 14 ng g-1) (W = 145, p < 0.001). A pairwise comparison of muscle and liver 
tissue did not indicate any significant differences within each order (figure 6). No significant 
differences were observed between orders for muscle (Kruskal – Wallis: χ2 = 3.99, df = 4, p = 
0.408) and liver tissue (Kruskal – Wallis: χ2 = 4.08, df = 3, p = 0.253) (figure 6). Concentrations 
in muscle tissue ranged from 0.28 ng g-1 in barndoor skates (n = 1) collected in offshore waters 
adjacent to Cape Cod, Massachusetts, USA (Lyons and Adams, 2017) to 49.3 ng g-1 in gulper 
sharks (Centrophorus granulosus) (n = 25) from the Mediterranean Sea (Storelli and 
Marcotrigiano, 2001). Concentrations in the liver ranged from 0.537 ng g-1 in Greenland 
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sharks (n = 3) (Corsolini et al., 2014) from North East Greenland to 103,000 ng g-1 in great 
white sharks (n = 30) from North Pacific waters surrounding California, USA (Lyons et al., 
2013). 
 
Figure 6. ΣDDT concentrations in the muscle and liver tissue of different elasmobranch groups reported 
globally. Values are reported in ng g-1 on a wet weight (w.w.) basis. The maximum concentration of DDT in 
one serving (113 g) of fish for adults is indicated with a blue dashed line, and one serving of 28 g in children 
(two-years-old) with a red dashed line. The upper limit was set at 6.64 mg kg-1 (6640 ng g-1) per week for 
adults and the lower limit at 4.79 mg kg-1 (4790 ng g-1) per week in children (WHO, 1961; WHO and FAO, 
2000). 
 
4.2. Risk to elasmobranchs 
Elasmobranchs are exposed to high concentrations of pollutants throughout their lifetime. 
Sharks had higher concentrations of pollutants than rays and skates (table 1), with the 
exception of Cd in bluntnose guitarfish (Acroteriobatus blochii) and lesser spotted guitarfish 
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(Acroteriobatus annulatus) belonging to the order Rajiformes. Species belonging to the orders 
Carcharhiniformes and Lamniformes had the highest concentration of all four pollutants 
(figure 3 to 6). The variation observed between groups can be explained by the diversity of 
elasmobranchs, as well as their different habitats, size, age, trophic position, life strategies 
and diet (Pethybridge et al., 2010; Olin et al., 2014; Beaudry et al., 2015; Sandoval-Herrera et 
al., 2016; Matulik et al., 2017; McKinney et al., 2017; Morris et al., 2016). Many shark species 
are migratory predators that feed continuously and as pollutants can vary across geographic 
regions, species may be exposed to pollutants in different ways (Teffer et al., 2014). Trophic 
level data revealed that there was a significant positive correlation between THg 
concentration and trophic level in muscle tissue for sharks, rays and skates (SI 1.10.). A 
positive trend was observed between trophic level and concentration of PCBs and DDTs in 
both tissue types, and THg in liver tissue, however, these trends were not statistically 
significant which could be as a result of the limited data available. Interestingly Cd 
concentrations seemed to decrease as trophic level increased (SI 1.10.); this anomaly seemed 
to be primarily driven by high concentrations observed in three elasmobranch species 
(bluntnose and lesser spotted guitarfish, and megamouth shark).  
 
Previous studies have found that sharks, rays and skates accumulate organic (e.g. PCBs, DDTs 
and organochlorines) and inorganic (e.g. trace elements) pollutants (Olin et al., 2014; Beaudry 
et al., 2015; Gilbert et al., 2015; Weijs et al., 2015; Cagnazzi et al., 2019). Elasmobranchs 
occupying high trophic positions also tend to be long-lived and large-sized, mature late, and 
have relatively few offspring, which allows for the bioaccumulation of pollutants (Fisk et al., 
2002; Cagnazzi et al., 2019; Matulik et al., 2017; McKinney et al., 2016). As well as 
bioaccumulation, trophic level analysis (SI 1.10.) revealed strong evidence of biomagnification 
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of organic and inorganic pollutants through the food chain. The lowest concentrations of 
pollutants were observed in rays and skates, especially THg and Cd in giant manta rays. Giant 
manta rays are secondary consumers that predominantly feed on zooplankton (e.g. krill, 
shrimp and crabs), which means they may not accumulate pollutants at the same rate as some 
of the other rays and skates that feed on larger prey (Essumang, 2009; Bezerra et al. 2019; 
Burgess et al., 2016). Further discussion on pollutant accumulation and risks to Batoids can 
be found in Bezerra et al. (2019). 
 
There are currently no toxic thresholds for tolerable concentrations of pollutants in 
elasmobranchs. Studies have suggested that pollutants, such as Hg and Cd, can alter the 
reproductive physiology of sharks, rays and skates (Molde et al., 2013; Mull et al., 2013; 
Bendall et al., 2014; Rumbold et al., 2014; Terrazas-López et al., 2016; Bezerra et al., 2019). 
Elasmobranchs have also been shown to maternally offload a wide range of pollutants to their 
offspring (Bezerra et al. 2019; Olin et al., 2014; Gilbert, Baduel, et al., 2015; Lyons and Lowe, 
2015; Weijs et al., 2015; van Hees and Ebert, 2017). This poses a significant health risk to 
developing embryos and shark pups as they start their life with higher concentrations of 
pollutants and will continue to bioaccumulate these contaminants throughout their lifetime 
(De Boeck et al., 2010; Mull et al., 2013; Olin et al., 2014; Frías-espericueta et al., 2015; Lyons 
and Adams, 2015; McKinney et al., 2016). One recent study indicated that white sharks 
(Carcharodon carcharias) did not exhibit physiological responses (i.e. no change in enzymatic 
conditions and leukocyte counts) that would usually be expected when organisms are 
exposed to high concentrations of heavy metals (Merly et al., 2019). This suggests that some 
species may be more tolerant to pollutant exposure or are able to biotransform and eliminate 
organic pollutants (e.g. DDTs and PCBs) more effectively than other species (Corsolini et al., 
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2014). More studies are needed to assess the risks of pollutants in elasmobranchs to 
accurately identify any adverse health effects and improve our understanding of the fate and 
transport of pollutants inside these organisms. 
 
Due to the absence of toxic threshold of ΣPCBs in sharks, concentrations in this study were 
compared to the “applied” toxic threshold of ΣPCBs in marine mammals as set by Jepson et 
al. of at lowest 9 mg kg-1 and at highest 41 mg kg-1 (lipid weight) (Helle et al., 1976; Jepson et 
al., 2016). Short fin mako sharks and bull sharks exceed the lowest toxicity threshold, with 
concentrations in their muscle and liver tissue exceeding 37 mg kg-1 lipid weight. Studies 
carried out on marine mammals and teleost fish have found an association between exposure 
to pollutants and neurological disorders, structural damage to organs and gills, reduced 
fertility, reproductive developmental effects, oxidative stress, and cancer (Tanabe et al., 
1983; Evans, 1987; Blocksom et al., 2010; Pandey, Govind and Madhuri, 2014; Sharma et al., 
2014; Jepson et al., 2016; Desforges et al., 2018; Cagnazzi et al., 2019). More research is 
needed to confirm if elasmobranchs exhibit the same physiological effects that have been 
established in marine mammals and teleost fish. 
 
More attention has been paid to the risks towards humans who consume shark meat rather 
than how pollutants affect the organisms themselves. The large amount of resources, 
funding, time, and planning required, as well as the shy and migratory behaviour of some 
species, make sampling for elasmobranchs incredibly difficult. This may also explain the 
opportunistic nature of some studies. The negative portrayal of sharks in the media and in 
movies such as ‘Jaws’, ‘The Shallows’, ‘Sharknado’ (series of films) and ‘The Meg’ has made 
gathering support for their conservation extremely difficult (Reynolds et al., 2005; 
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Simpfendorfer et al., 2011; Friedrich et al., 2014). Seeking funding to carry out pollutant 
monitoring programs for elasmobranchs is challenging and funding may support projects on 
species that are often associated with a positive public perception such as marine mammals, 
sea birds and turtles, rather than sharks, rays and skates.  
 
Determining the exposure risk in elasmobranchs is difficult as there are differences among 
taxonomic groups, but also among orders, families and species. The high concentrations 
found in this study suggest that elasmobranchs could be negatively impacted, though to date 
research on the health impacts of pollutant exposure in elasmobranchs has typically been less 
extensive than in humans. Establishing baseline thresholds for pollutants in elasmobranchs 
poses a significant challenge; nevertheless, they currently represent one of the most 
vulnerable and at-risk taxa (Dulvy et al., 2014; IUCN, 2020) and therefore there is an urgent 
need to fully understand their susceptibility to pollutant exposure. The urgency is further 
underlined by the current rapid loss of species, which is driven by existing threats including 









Table 1. Mean ± SD THg, Cd, ΣPCB and ΣDDT concentrations in the muscle and liver tissue of superorder 
Selachimorpha and Batoidea expressed in ng g-1 on a wet weight basis.  
Pollutant Basis Tissue Selachimorpha Batoidea Sig 
THg Wet Weight Muscle 1670 ± 2580 598 ± 546 *** 
  Liver 538 ± 1150 498 ± 666 NS 
Cd Wet Weight Muscle 272 ± 634 97 ± 142 * 
  Liver 4710 ± 10800 8220 ± 25000 * 
ΣPCBs Wet Weight Muscle 15 ± 14 1 NS 
  Liver 6820 ± 9970 625 NS 
ΣDDTs Wet Weight Muscle 11 ± 14 0.28 NS 
  Liver 2140 ± 38100 89 NS 
Significant differences in pollutant concentrations between Selachimorpha and Batoidea were indicated 
at * <0.05, ** <0.01, *** <0.001. NS = p > 0.05.  
 
5. Human health risks 
5.1. Human consumption 
The consumption of shark is probably best recognised through the shark fin trade (e.g. shark 
fin soup), though other important exposure pathways are through the use of traditional 
Chinese medicine (e.g. gill plates), intake of dietary supplements (e.g. liver oil and cartilage 
supplements) and use of cosmetic products (Wong et al., 2009; Liu et al., 2013; Dulvy et al., 
2014; Fields et al., 2015; Zeng et al., 2016; Cardeñosa et al., 2017; Steinke et al., 2017; 
Almerón-Souza et al., 2018; Ferretti et al., 2020). Cases of mislabelling and species 
substitution are becoming increasingly prevalent, with evidence also showing an increased 
occurrence of mislabelling in ray and skate species (Barbuto et al., 2010; Filonzi et al., 2010; 
Bornatowski et al., 2014; Dulvy et al., 2014; Zeng et al., 2016; Staffen et al., 2017; Almerón-
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Souza et al., 2018; Wainwright et al., 2018; Hellberg et al., 2019; Hobbs et al., 2019; Pazartzi 
et al., 2019). This could be due to the advances in genetic tools for species identification 
(Barcaccia et al., 2016), but also the monetary incentives from selling shark, ray or skate meat 
as more highly-valued and expensive species (e.g. tuna, swordfish, mackerel and bonito), as 
elasmobranchs often represent lower market values and are caught as by-catch (Filonzi et al., 
2010). The decrease in landings for commercial bony fish may also put a strain on commercial 
fisheries (Mullon et al., 2005; Pinsky et al., 2011), resulting in an increase in fraudulent sales 
of other fish, such as sharks, rays and skates. 
 
Food fraud and product mislabelling have occurred throughout history (Spink and Moyer, 
2011; Johnson, 2014): a well-known case is the ‘horse meat scandal’ (2013), where horse 
meat was sold as beef (Walker et al., 2013). Food mislabelling is of great concern to the safety 
of consumers as they may be exposed to allergens (or in the case of sharks, high 
concentrations of pollutants), without their knowledge. Recent studies have found shark 
meat in countries where shark is not known to be a primary fish source. Examples of 
mislabelling include the UK where shark was sold as cod in fish and chip shops (Hobbs et al., 
2019) and substitution of threatened sharks (CITES) as non-threatened species in Brazil, 
Greece, and the USA, amongst others (Bornatowski et al., 2014; Almerón-Souza et al., 2018; 
Hellberg et al., 2019; Pazartzi et al., 2019; Bernardo et al., 2020). Mislabelling and substitution 
thus represents not only a threat to vulnerable species of sharks, but also to the consumers 





5.2. Hazard quotients 
Hazard quotients were calculated based on the recommended weekly and monthly intake 
(where applicable) for THg, Cd and ΣDDTs (table 2). The minimum and maximum consumption 
limits were based on the most vulnerable and most-at-risk individuals; females and children. 
The adult weight was based on a woman of 75 kg, and the children’s weight based on a two-
year-old female of 13.4 kg and 11-year-old female of 47.5 kg (see SI 1.9. for more details). The 
average serving size of 113 g (four ounces) of fish was based on the US EPA’s advice for adults 
and children (aged 11); for children aged two the average serving size was 28 g (EPA, 2020). 
People consume fish between one to three times per week, though young children on average 
consume only one serving per week (U.S. Environmental Protection Agency, 2011; EPA, 2020). 
Exposure risk was calculated using the average pollutant concentrations in the muscle tissue 
of sharks, as this was considered to be the most likely tissue type to be consumed (see SI 1.9. 










Table 2. Hazard quotients were calculated for Cd, THg and ΣDDT indicating the minimum and maximum 
risk humans would have from consuming shark meat one to three times per week. 
 Hazard Quotient 
 Hg  Cd ΣDDT 
Adult 
(Female aged 20 yrs or over 
eating 3x per week) 
10.8 0.5 0.00071 
Adult 
(Female aged 20 yrs or over 
eating 1x per week) 
3.6 0.164 0.000236 
Child (11 yr old female eating 3x per week) 17 0.776 0.00112 
Child (11 yr old female eating 1x per week) 5.69 0.258 0.000373 
Child 
(2 yr old female eating 3x per week) 
15 0.68 0.00099 
Child 
(2 yr old female eating 1x per week) 
5 0.228 0.000329 
 
5.2.1.Mercury (Hg) 
Mercury can be present in the environment in several different forms (organic, inorganic and 
elemental); within the literature the majority of studies reported on THg and many did not 
report separately on methylmercury (MeHg) as it makes up 70-100% of total mercury in 
elasmobranchs (Storelli et al., 2003; Krystek and Ritsema, 2005; Pethybridge et al., 2010; de 
Carvalho et al., 2014; Rumbold et al., 2014; Alves et al., 2016; Torres et al., 2016; Mohammed 
and Mohammed, 2017; Chouvelon et al., 2018). The provisional tolerable weekly intake 
(PTWI) for humans was based on MeHg and was used to calculate the safe consumption limit 
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of mercury in shark muscle tissue for adults and children (FAO and WHO, 2011; EPA, 2020) 
(table 2). There is currently no scientific consensus on the PTWI of MeHg: the EFSA and WHO 
recommend a higher PTWI of 1.3 and 1.6 ng g-1 of body weight (bw) week-1 respectively, whilst 
US EPA recommends a more conservative PTWI of 0.7 ng g-1 of bw week-1 (FAO and WHO, 
2011; EFSA, 2012; EPA, 2020). Hazard quotients were derived based on the US EPA’s PTWI 
given the human health implications of over consumption of mercury (table 2). Hazard 
quotients were calculated using the mean concentration of Hg in shark muscle tissue was 
1670 ng g-1 on a wet weight basis (table 2). 
 
5.2.2. Cadmium 
The European Food Safety Authority (EFSA), World Health Organisation (WHO) and the Food 
and Agricultural Organisation (FAO) set PTWI of Cd from food at 2.5 ng g-1 of bw week-1 for all 
age groups (FAO and WHO, 2013; EFSA, 2016).The mean Cd level in shark muscle tissue was 
272 ng g-1 on a wet weight basis. This value was used to determine hazard quotas for adults 
and children aged between two and 11 years old (table 2). Although there is less risk of 
consuming shark muscle meat, Cd concentrations in the liver were much higher (maximum 
4710 ng g-1) and therefore shark products should be consumed with caution as Cd is especially 
toxic to kidneys, accumulating over time leading to renal dysfunction (figure 5) (EFSA, 2016). 
 
5.2.3. DDTs 
The provisional tolerable daily intake (PTDI) of ΣDDT as set by the FAO and WHO is 10 ng g-1 
of bw (70 ng g-1 of bw week-1) (WHO, 1961) which was confirmed at the Joint Meeting of 
Pesticide Residues (JMPR) (FAO and WHO) in 2001 (WHO and FAO, 2000). The mean 
concentration of ΣDDT in shark muscle tissue was 11 ng g-1. Maximum and minimum hazard 
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quotients for children (aged two and 11 years old) and adults were less than 0.01, which 
indicated that there is a limited risk from exposure to DDT in shark meat when consumed one 
to three times per week (table 2). Similarly to Cd, concentrations of ΣDDT were higher in the 
liver of sharks, especially in Lamniformes (41,000 ng g-1), and therefore shark products should 
be consumed with caution (figure 6).  
 
5.2.4. PCBs 
It’s challenging to accurately identify the risks to human health posed by PCBs based on the 
available data in the literature. The health risks from PCBs are calculated using the 12 DL-PCB 
and PCDD/Fs (FAO and WHO, 1991; van den Berg et al., 1998, 2006; WHO, 2010; Megson et 
al., 2019) however only three studies out of the 41 on PCBs reported concentrations of all 12 
DL-PCBs, with the rest of the data being based on a subset of PCBs (e.g. i7 PCBs) or a “total” 
PCB concentration (ΣPCB) calculated using anywhere between seven to 55 PCBs (SI 3.1.). This 
is possibly because the aim of many of these studies was to undertake a baseline screening 
assessment rather than undertake a detailed human and animal health risk assessment. 
Studies that reported on the 12 DL-PCBs observed high concentrations (wet weight basis) in 
the liver (43 ± 6 pg g-1) and muscle tissue (36 ± 6 pg g-1) of Greenland sharks (Corsolini et al., 
2014), and in the liver (45972 ± 43967 pg g-1) and muscle tissue (103 ± 77 pg g-1) of blue sharks 
(Alves et al., 2016) (SI 3). Corsolini et al. (2014) reported a WHO2005 toxic equivalence (TEQ) 
of 5.23 pg TEQ g-1 in the muscle tissue of Greenland sharks and Alves et al. (2016) 0.0140 pg 
TEQ g-1 (wet weight) in the muscle tissue of blue sharks (van den Berg et al., 2006). Due to the 
limited of the data available, only a preliminary human risk assessment could be undertaken. 
Hazard quotients were calculated based on the EFSA’s conservative TWI of 2 pg TEQ kg-1 of 
bw week-1 (EFSA et al., 2019). This indicated that adults and children would be exposed to 
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over three times more dioxins and DL-PCBs when consuming muscle tissue from Greenland 
sharks (Adult HQ = 3.9x, Child aged 11 HQ = 6.2x and Child aged two HQ = 5.5x). Although the 
total DL-PCB concentration was greater in muscle tissue from blue sharks, when this was 
converted to a TEQ risk assessment, it indicated that there was a lower risk (HQ = 0.1) from 
consuming blue shark meat. As POPs are more lipophilic, dioxins and DL-PCBs accumulate in 
higher concentrations in the liver than in muscle tissue, therefore there may be a significant 
risk from consuming products derived from the liver that should be investigated (e.g. liver oil 
capsules, and skin care products that are put directly onto skin). In addition, PCBs are just a 
subset of dioxin-like-compounds (DLCs) which exhibit the same toxic mode of action. 
Therefore, to properly assess health risks future studies should also consider determining 
concentrations of other dioxins and DLCs such as polychlorinated naphthalene (PCNs), 
polybrominated dibenzo-p-dioxins and dibenzofurans (PBDD/Fs) and mixed halogenated 
dioxins/furans (PxDD/Fs). This assessment indicated that there may be a significant risk to a 
human health from consuming DLCs in shark meat. However, more studies that focus on 
determining DLCs in sharks and shark-based products are needed to accurately assess the 
human health risks. 
 
5.3. Human health recommendations 
The data gathered from this review indicated that humans should avoid consuming shark 
meat (specifically muscle tissue) as they would be exposed to high levels of mercury. Although 
there were no observed risks from Cd or DDT in muscle tissue, the higher concentrations in 
the liver suggest that shark products should be consumed with caution. One serving of shark 
meat (113 g for adults and 11-year-olds; 28 g for 2-year-olds) would expose adults and 
children to over three times the maximum recommended mercury consumption limit, and 
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could lead to them experiencing toxic effects (table 2) (Mohammed and Mohammed, 2017; 
EPA, 2020). Similar findings were observed by the US EPA and in numerous other studies 
reporting on mercury in sharks (Gomes Ferreira et al., 2004; Burger and Gochfeld, 2011; 
Escobar-Sánchez et al., 2011; Lopez et al., 2013; Lyons et al., 2013; Olmedo et al., 2013; Vélez-
Alavez et al., 2013; Man et al., 2014; Nalluri et al., 2014; Teffer et al., 2014; Corsolini et al., 
2014; de Carvalho et al., 2014; Gilbert, Reichelt-Brushett, et al., 2015; Kiszka et al., 2015; Alves 
et al., 2016; Biton-Porsmoguer et al., 2018; Cagnazzi et al., 2019). Although the US EPA’s 
recommendations of avoiding shark meat are in line with this study, our data indicates that 
their current limit of 980 ng g-1 may be underestimating the risk as average mercury 
concentrations in sharks exceed this value by 66% (1670 ng g-1).  
 
It should also be noted that this value was an average for all sharks. People consuming sharks 
from the orders Carcharhiniformes and Lamniformes would be at greater risk as the average 
mercury concentration in these species exceeded 4000 ng g-1. This is concerning as species 
belonging to these elasmobranch orders have the highest economic value and so are one of 
the most targeted group of sharks in the international fin and meat trade. Species include 
blue sharks (28 studies), silky sharks (Carcharhinus falciformis) (6 studies), dusky sharks 
(Carcharhinus obscurus) (9 studies), sandbar sharks (Carcharhinus plumbeus) (6 studies), tiger 
sharks (Galeocerdo cuvier) (6 studies), hammerheads (Sphyrna spp.), bull sharks 
(Carcharhinus leucas) (14 studies), short fin mako sharks (22 studies), thresher sharks (Alopias 
spp.) (12 studies), and oceanic white tips (Carcharhinus longimanus) (5 studies) (Clarke et al., 
2006; Worm et al., 2013; Gray and Kennelly, 2018; Ferretti et al., 2020).  
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The concentrations of mercury in sharks are greater than other regularly-consumed fish 
species, such as marlin (490 ng g-1), king mackerel (730 ng g-1), swordfish (1000 ng g-1), and 
bigeye tuna (690 ng g-1) (EPA, 2020). There is evidence that humans that live in coastal areas, 
especially those who work in the fishing industry, eat twice as much fish as the general 
population; these groups are therefore likely to be at a greater risk than the general 
population (Svensson et al., 1995; Leng et al., 2009). Limited biomonitoring studies on these 
groups have revealed elevated concentrations of POPs (e.g. PCBs and PCDD/Fs) and trace 
elements (e.g. methylmercury) in their blood and semen (Svensson et al., 1995; Chien et al., 
2002; Kiviranta et al., 2002; Toft et al., 2006; Rignell-Hydbom et al., 2007; Cheng et al., 2009). 
As these individuals are most at risk of pollutant exposure, it is crucial that they are aware of 
these threats. Any programs that are put into place to outline the health risks to consumers 
should acknowledge the importance of elasmobranchs for their livelihood and work to 
provide alternatives for communities that depend on fishing.  
 
Although the focus of this study has been on the consumption of shark muscle tissue, it is 
important to acknowledge a potential exposure pathway from products deriving from shark 
liver, including shark liver oil, as well as a potential risk from consuming products deriving 
from rays and skates (Bezerra et al., 2019). The elevated concentrations of Cd, DDT and PCBs 
within the liver of sharks suggest that, if anything, risks to human health are exacerbated 
when shark liver rather than shark muscle is considered. In some cases, for example for PCBs 
and DDTs in Carcharhiniformes, Lamniformes and Rajiformes, concentrations were higher 
than in muscle tissue, which highlights the risk from consuming any elasmobranch product. 
The consumption of elasmobranchs is thus a global health concern, especially in commonly 
traded species, such as smooth and scalloped hammerheads, short fin mako and blue sharks 
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with the highest concentrations. The risks associated with the consumption of elasmobranch 
products makes it essential that governments, regulators and seafood inspectors identify and 
track products that are sold in their country as well as the products that are imported and 
exported.  
 
6. Knowledge gaps and future recommendations 
This review was performed on 176 studies focussing on pollutants in elasmobranchs 
published between 1999 and 2019. Elevated concentrations were observed for common 
pollutants such as Hg, Cd, DDT and PCBs, although very little is known about emerging toxic 
pollutants such as PFAS, dioxin-like-compounds, and halogenated flame retardants. Even for 
commonly reported pollutants, the limited number of studies indicates that there is a huge 
gap in our knowledge on the health impacts of pollutant exposure in sharks, rays and skates. 
With their diverse and complicated life history, comparing elasmobranchs to other taxa such 
as marine mammals and bony fish could mean we are not accurately assessing their health 
risks. Most of the studies that discussed the potential health risks in elasmobranchs found 
that there was little or no evidence to prove these risks, though the high concentrations found 
in this study suggest that their health could be greatly impacted. There was also a greater 
focus on the risk to humans and so there is a critical need to understand the effect of these 
contaminants in elasmobranchs. Global trends and long-term changes in pollutant 
concentrations (i.e. further evidence of bioaccumulation) could not be inferred as there was 
not much consistency between species and pollutants studied. We suggest the development 
of a database, such as the Global Biodiversity Information Facility (GBIF, 2020), where all data 
on pollutants in elasmobranchs can be collated to determine trends over time, between 
species, taxa, gender, age, size, geographic location, etc.  
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Future studies should aim to focus their research on areas that have received less attention 
(e.g. the South Pacific, Indian Ocean and Red Sea) in order to accurately identify the global 
threats to elasmobranchs. This is especially crucial as in combination with threats from 
pollutant exposure, overfishing, habitat loss, and climate change, there may be an accelerated 
loss of already vulnerable species. There is also a need for biomonitoring programs that aim 
at providing long term information on the bioaccumulation and exposure risks of pollutants 




We would like to thank the Ecological Genetics and Conservation Lab as part of the Ecology 
and Environment Research Centre (EERC) at Manchester Metropolitan University (MMU) for 
taking their time to read through this study and give detailed feedback. 
 
References 
Adel, M., Mohammadmoradi, K. and Ley-Quiñonez, C. P. (2017) ‘Trace element concentrations in muscle tissue 
of milk shark, (Rhizoprionodon acutus) from the Persian Gulf.’ Environ. Sci. Pollut. Res., 24(6) pp. 5933–5937. 
Adel, M., Oliveri Conti, G., Dadar, M., Mahjoub, M., Copat, C. and Ferrante, M. (2016) ‘Heavy metal 
concentrations in edible muscle of whitecheek shark, Carcharhinus dussumieri (elasmobranchii, 
chondrichthyes) from the Persian Gulf: A food safety issue.’ Food Chem. Toxicol. Elsevier Ltd, 97 pp. 135–140. 
Almerón-Souza, F., Sperb, C., Castilho, C. L., Figueiredo, P. I. C. C., Gonçalves, L. T., Machado, R., Oliveira, L. R., 
Valiati, V. H. and Fagundes, N. J. R. (2018) ‘Molecular identification of shark meat from local markets in 
Southern Brazil based on DNA barcoding: Evidence for mislabeling and trade of endangered species.’ Front. 
Genet., 9(APR) pp. 1–12. 
Alomar, C. and Deudero, S. (2017) ‘Evidence of microplastic ingestion in the shark Galeus melastomus 
Rafinesque, 1810 in the continental shelf off the western Mediterranean Sea.’ Environ. Pollut. Elsevier Ltd, 223 
 37 
pp. 223–229. 
Alves, L. M. F., Nunes, M., Marchand, P., Le Bizec, B., Mendes, S., Correia, J. P. S., Lemos, M. F. L. and Novais, S. 
C. (2016) ‘Blue sharks (Prionace glauca) as bioindicators of pollution and health in the Atlantic Ocean: 
Contamination levels and biochemical stress responses.’ Sci. Total Environ. Elsevier B.V., 563–564(September) 
pp. 282–292. 
Barboza, L. G. A. and Gimenez, B. C. G. (2015) ‘Microplastics in the marine environment: Current trends and 
future perspectives.’ Mar. Pollut. Bull., 97(1–2) pp. 5–12. 
Barbuto, M., Galimberti, A., Ferri, E., Labra, M., Malandra, R., Galli, P. and Casiraghi, M. (2010) ‘DNA barcoding 
reveals fraudulent substitutions in shark seafood products: The Italian case of “palombo” (Mustelus spp.).’ 
Food Res. Int. Elsevier Ltd, 43(1) pp. 376–381. 
Barcaccia, G., Lucchin, M. and Cassandro, M. (2016) ‘DNA barcoding as a molecular tool to track down 
mislabeling and food piracy.’ Diversity, 8(1). 
Barone, G., Dambrosio, A., Storelli, A., Garofalo, R., Busco, V. Pietro and Storelli, M. M. (2018) ‘Estimated 
Dietary Intake of Trace Metals from Swordfish Consumption : A Human Health Problem.’ Toxics, 6(22) pp. 1–
11. 
Bendall, V. A., Barber, J. L., Papachlimitzou, A., Bolam, T., Warford, L., Hetherington, S. J., Silva, J. F., McCully, S. 
R., Losada, S., Maes, T., Ellis, J. R. and Law, R. J. (2014) ‘Organohalogen contaminants and trace metals in 
North-East Atlantic porbeagle shark (Lamna nasus).’ Mar. Pollut. Bull. Elsevier Ltd, 85(1) pp. 280–286. 
Bernardo, C., Corr, A. M., Lima, D., Paes, V., Foresti, F., Loose, R. H. and Bornatowski, H. (2020) ‘The label 
“Cação” is a shark or a ray and can be a threatened species! Elasmobranch trade in Southern Brazil unveiled by 
DNA barcoding.’ Mar. Policy, 116(March). 
Beaudry, M. C., Hussey, N. E., Mcmeans, B. C., Mcleod, A. M., Wintner, S. P., Cliff, G., Dudley, S. F. J. J. and Fisk, 
A. T. (2015) ‘Comparative organochlorine accumulation in two ecologically similar shark species (Carcharodon 
carcharias and Carcharhinus obscurus) with divergent uptake based on different life history.’ Environ. Toxicol. 
Chem., 34(9) pp. 2051–2060. 
Bezerra, M. F., Lacerda, L. D. and Lai, C. T. (2019) ‘Trace metals and persistent organic pollutants 
contamination in batoids (Chondrichthyes: Batoidea): A systematic review.’ Environ. Pollut. Elsevier Ltd, 248 
pp. 684–695. 
Biton-Porsmoguer, S., Bǎnaru, D., Boudouresque, C. F., Dekeyser, I., Bouchoucha, M., Marco-Miralles, F., 
 38 
Lebreton, B., Guillou, G. and Harmelin-Vivien, M. (2018) ‘Mercury in blue shark (Prionace glauca) and shortfin 
mako (Isurus oxyrinchus) from north-eastern Atlantic: Implication for fishery management.’ Mar. Pollut. Bull, 
127(November 2017) pp. 131–138. 
Blocksom, K. A., Walters, D. M., Jicha, T. M., Lazorchak, J. M., Angradi, T. R. and Bolgrien, D. W. (2010) 
‘Persistent organic pollutants in fish tissue in the mid-continental great rivers of the United States.’ Sci. Total 
Environ, 408(5) pp. 1180–1189. 
De Boeck, G., Eyckmans, M., Lardon, I., Bobbaers, R., Sinha, A. K. and Blust, R. (2010) ‘Metal accumulation and 
metallothionein induction in the spotted dogfish Scyliorhinus canicula.’ Comp. Biochem. Physiol. A: Physiol.  
Elsevier Inc., 155(4) pp. 503–508. 
Bornatowski, H., Braga, R. R. and Vitule, J. R. S. (2014) ‘Threats to sharks in a developing country: The need for 
effective and simple conservation measures.’ Nat. Conserv. Elsevier Masson SAS, 12(1) pp. 11–18. 
Boucher, J. and Friot, D. (2017) Primary microplastics in the oceans: A global evaluation of sources. (pp. 2017-
002). Gland, Switzerland: IUCN. 
Bruce-Vanderpuije, P., Megson, D., Reiner, E. J., Bradley, L., Adu-Kumi, S. and Gardella, J. A. (2019) ‘The state 
of POPs in Ghana- A review on persistent organic pollutants: Environmental and human exposure.’ Environ. 
Pollut. 
Brunner, E. J., Jones, P. J. S., Friel, S. and Bartley, M. (2009) ‘Fish, human health and marine ecosystem health: 
Policies in collision.’ Int J Epidemiol., 38(1) pp. 93–100. 
Burger, J. and Gochfeld, M. (2011) ‘Mercury and selenium levels in 19 species of saltwater fish from New 
Jersey as a function of species, size, and season.’ Sci. Total Environ. Elsevier B.V., 409(8) pp. 1418–1429. 
Burgess, K. B., Couturier, L. I. E., Marshall, A. D., Richardson, A. J., Weeks, S. J. and Bennett, M. B. (2016) 
‘Manta birostris, predator of the deep? Insight into the diet of the giant manta ray through stable isotope 
analysis.’ Royal Soc. Open Sci., 3(11). 
Cagnazzi, D., Consales, G., Broadhurst, M. K. and Marsili, L. (2019) ‘Bioaccumulation of organochlorine 
compounds in large, threatened elasmobranchs off northern New South Wales, Australia.’ Mar. Pollut. Bull. 
Elsevier, 139(December 2018) pp. 263–269. 
Cardeñosa, D., Fields, A., Abercrombie, D., Feldheim, K., Shea, S. K. H. and Chapman, D. D. (2017) ‘A multiplex 
PCR mini-barcode assay to identify processed shark products in the global trade.’ PLoS ONE, 12(10) p. 
e0185368. 
 39 
de Carvalho, G. G. A., Degaspari, I. A. M. and Branco, V. (2014) ‘Assessment of Total and Organic Mercury 
Levels in Blue Sharks (Prionace glauca) from the South and Southeastern Brazilian Coast’ Biol. Trace Elem. Res., 
159 pp. 128–134. 
Cheng, J., Gao, L., Zhao, W., Liu, X., Sakamoto, M. and Wang, W. (2009) ‘Mercury levels in fisherman and their 
household members in Zhoushan, China: Impact of public health.’ Sci. Total Environ. Elsevier B.V., 407(8) pp. 
2625–2630. 
Chien, L. C., Hung, T. C., Choang, K. Y., Yeh, C. Y., Meng, P. J., Shieh, M. J. and Han, B. C. (2002) ‘Daily intake of 
TBT, Cu, Zn, Cd and As for fishermen in Taiwan.’ Sci. Total Environ, 285(1–3) pp. 177–185. 
Chouvelon, T., Cresson, P., Bouchoucha, M., Brach-Papa, C., Bustamante, P., Crochet, S., Marco-Miralles, F., 
Thomas, B. and Knoery, J. (2018) ‘Oligotrophy as a major driver of mercury bioaccumulation in medium-to 
high-trophic level consumers: A marine ecosystem-comparative study.’ Environ. Pollut, 233 pp. 844–854. 
Clarke, S. C., McAllister, M. K., Milner-Gulland, E. J., Kirkwood, G. P., Michielsens, C. G. J. J., Agnew, D. J., 
Pikitch, E. K., Nakano, H. and Shivji, M. S. (2006) ‘Global estimates of shark catches using trade records from 
commercial markets.’ Ecol. Lett., 9(10) pp. 1115–1126. 
Cole, M., Lindeque, P., Halsband, C. and Galloway, T. S. (2011) ‘Microplastics as contaminants in the marine 
environment: A review.’ Mar. Pollut. Bull. Elsevier Ltd, 62(12) pp. 2588–2597. 
Cornish, A. S., Ng, W. C., Ho, V. C. M., Wong, H. L., Lam, J. C. W., Lam, P. K. S. and Leung, K. M. Y. (2007) ‘Trace 
metals and organochlorines in the bamboo shark Chiloscyllium plagiosum from the southern waters of Hong 
Kong, China.’ Sci. Total Environ, 376(1–3) pp. 335–345. 
Corsolini, S., Ancora, S., Bianchi, N., Mariotti, G., Leonzio, C. and Christiansen, J. S. (2014) ‘Organotropism of 
persistent organic pollutants and heavy metals in the Greenland shark Somniosus microcephalus in NE 
Greenland.’ Mar. Pollut. Bull. Elsevier Ltd, 87(1) pp. 381–387. 
Cresson, P., Fabri, M. C., Miralles, F. M., Dufour, J. L., Elleboode, R., Sevin, K., Mahé, K. and Bouchoucha, M. 
(2016) ‘Variability of PCB burden in 5 fish and sharks species of the French Mediterranean continental slope.’ 
Environ. Pollut, 212 pp. 374–381. 
Derraik, J. G. B. (2002) ‘The pollution of the marine environment by plastic debris: A review.’ Mar. Pollut. Bull, 
44(9) pp. 842–852. 
Derrick ,D.H., Cheok ,J. and Dulvy, N.K. (2020). Spatially congruent sites of importance for global shark and ray 
biodiversity. PLoS ONE, 15(7): e0235559.  
 40 
Desforges, J. P., Hall, A., McConnell, B., Rosing-Asvid, A., Barber, J. L., Brownlow, A., De Guise, S., Eulaers, I., 
Jepson, P. D., Letcher, R. J., Levin, M., Ross, P. S., Samarra, F., Víkingson, G., Sonne, C. and Dietz, R. (2018) 
‘Predicting global killer whale population collapse from PCB pollution.’ Science, 361(6409) pp. 1373–1376. 
Dulvy, N. K., Baum, J. K., Clarke, S., Compagno, L. J. V., Cortés, E., Domingo, A., Fordham, S., Fowler, S., Francis, 
M. P., Gibson, C., Martínez, J., Musick, J. A., Soldo, A., Stevens, J. D. and Valenti, S. (2008) ‘You can swim but 
you can’t hide: The global status and conservation of oceanic pelagic sharks and rays.’ Aquatic Conserv: Mar. 
Freshw. Ecosyst., 18 pp. 459-582. 
Dulvy, N. K., Fowler, S. L., Musick, J. A., Cavanagh, R. D., Kyne, P. M., Harrison, L. R., Carlson, J. K., Davidson, L. 
N. k, Fordham, S. V., Francis, M. P., Pollock, C. M., Simpfendorfer, C. A., Burgess, G. H., Carpenter, K. E., 
Compagno, L. J. v, Ebert, D. A., Gibson, C., Heupel, M. R., Livingstone, S. R., Sanciangco, J. C., Stevens, J. D., 
Valenti, S. and White, W. T. (2014) ‘Extinction risk and conservation of the world’s sharks and rays.’ eLife, 3. 
Ebert, D. A., Fowler, S. L. and Campango, L. J. (2013) Sharks of the world: a fully illustrated guide. Wild Nature 
Press. 
EEA (2018) Mercury in Europe’s environment - A priority for European and global action. European 
Environment Agency (EEA). EEA: Copenhagen (2018). 
EFSA (2012) ‘Scientific Opinion on the risk for public and animal health related to the presence of mercury and 
methymercury in food and feed. European Food Safety Authority.’ EFSA Journal. 
EFSA (2016) ‘Statement on tolerable weekly intake for cadmium. European Food Safety Authority.’ EFSA 
Journal, 9(2). 
EFSA, Knutsen, H. K., Alexander, J., Barreg, L., Ceccatelli, S., Cottrill, B., Dinovi, M., Edler, L., Grasl-kraupp, B., 
Hogstrand, C., Nebbia, C. S., Oswald, I. P., Petersen, A., Rose, M., Roudot, A., Schwerdtle, T., Vleminckx, C., 
Helen, H., Wallace, H., Peter, F., Halldorsson, T., Lundebye, A., Pohjanvirta, R., Rylander, L., Smith, A., Loveren, 
H. Van, Christoph, E., Ciccolallo, L., Bordajandi, L. R., Steinkeller, H. and Hoogenboom, L. (2019) ‘EFSA: Risk for 
animal and human health related to the presence of dioxins and dioxin-like PCBs in feed and food.’ EFSA 
Journal, 16(11) pp. 1–331. 
El-Shahawi, M. S., Hamza, A., Bashammakh, A. S. and Al-Saggaf, W. T. (2010) ‘An overview on the 
accumulation, distribution, transformations, toxicity and analytical methods for the monitoring of persistent 
organic pollutants.’ Talanta. Elsevier, 80(5) pp. 1587–1597. 
EPA (2020) EPA-FDA Fish Advice: Technical Information. [Online] [Accessed on 10th February 2020] 
 41 
https://www.epa.gov/fish-tech/epa-fda-fish-advice-technical-information. 
Escobar-Sánchez, O., Galván-Magaña, F. and Rosíles-Martínez, R. (2011) ‘Biomagnification of mercury and 
selenium in blue shark Prionace glauca from the Pacific Ocean off Mexico.’ Biol. Trace Elem. Res., 144(1–3) pp. 
550–559. 
Essumang, D. K. (2009) ‘Analysis and human health risk assessment of arsenic, cadmium, and mercury in 
Manta birostris (manta ray) caught along the Ghanaian coastline.’ Hum. Ecol. Risk Assess., 15(5) pp. 985–998. 
Evans, D. H. (1987) ‘The fish gill: Site of action and model for toxic effects of environmental pollutants.’ 
Environ. Health Perspect., 71(8) pp. 47–58. 
FAO and WHO (1991) ‘Evaluation of certain food additives and contaminants. Thirty-seventh report of the 
Joint FAO/WHO Expert Committee on Food Additives.’ WHO - Technical Report Series, 806 pp. 1–52. 
FAO and WHO (2011) ‘Safety evaluation of certain contaminants in food. Prepared by the Sixty-fourth meeting 
of the Joint FAO/WHO Expert Committee on Food Additives (JECFA).’ FAO food and nutrition paper, pp. 1–778. 
FAO and WHO (2013) Evaluations of the Joint FAO/WHO Expert Committee on Food Additives (JECFA). Mercury. 
Ferretti, F., Jacoby, D. M. P., Pfleger, M. O., White, T. D., Dent, F., Micheli, F., Rosenberg, A. A., Crowder, L. B. 
and Block, B. A. (2020) ‘Shark fin trade bans and sustainable shark fisheries,’ Conserv. Lett., (January) pp. 1–6. 
Fields, A. T., Abercrombie, D. L., Eng, R., Feldheim, K. and Chapman, D. D. (2015) ‘A novel mini-DNA barcoding 
assay to identify processed fins from internationally protected shark species.’ PLoS ONE, 10(2) pp. 1–10. 
Filonzi, L., Chiesa, S., Vaghi, M. and Nonnis Marzano, F. (2010) ‘Molecular barcoding reveals mislabelling of 
commercial fish products in Italy.’ Food Res. Int. Elsevier Ltd, 43(5) pp. 1383–1388. 
Fisk, A. T., Tittlemier, S. A., Pranschke, J. L. and Norstrom, R. J. (2002) ‘Using Anthropogenic Contaminants and 
Stable Isotopes to Assess the Feeding Ecology of Greenland Sharks.’ Ecology, 83(8) pp. 2162–2172. 
Fleming, L. E., Broad, K., Clement, A., Dewailly, E., Elmir, S., Knap, A., Pomponi, S. A., Smith, S., Solo Gabriele, H. 
and Walsh, P. (2006) ‘Oceans and human health: Emerging public health risks in the marine environment.’ 
Mar. Pollut. Bull, 53(10–12) pp. 545–560. 
Fossi, M. C., Baini, M., Panti, C., Galli, M., Jiménez, B., Muñoz-Arnanz, J., Marsili, L., Finoia, M. G. and Ramírez-
Macías, D. (2017) ‘Are whale sharks exposed to persistent organic pollutants and plastic pollution in the Gulf of 
California (Mexico)? First ecotoxicological investigation using skin biopsies.’ Comp. Biochem. Physiol. Toxicol., 
199 pp. 48–58. 
Frías-espericueta, M. G., Zamora-sarabia, F. K. G., Márquez-farías, J.F., Osuna López, J.I., Ruelas-Inzunza, J. and 
 42 
Voltolina, D. (2015) ‘Total mercury in female Pacific sharpnose sharks Rhizoprionodon longurio and their 
embryos.’ Lat. Am. J. Aquat. Res., 43(3) pp. 534–538. 
Friedrich, L. A., Jefferson, R. and Glegg, G. (2014) ‘Public perceptions of sharks: Gathering support for shark 
conservation.’ Mar. Policy. Elsevier, 47 pp. 1–7. 
Froese, R. and Pauly, D. (eds) (2019). FishBase. World Wide Web Electronic Publication. [Online] [Accessed on 
13th July 2020] https://www.fishbase.org/. 
Gall, S. C. and Thompson, R. C. (2015) ‘The impact of debris on marine life.’ Mar. Pollut. Bull. Elsevier Ltd, 92(1–
2) pp. 170–179. 
García, V. B., Lucifora, L. O. and Myers, R. A. (2008) ‘The importance of habitat and life history to extinction risk 
in sharks, skates, rays and chimaeras.’ Proc. Royal Soc. B., 275(1630) pp. 83–89. 
GBIF (2020) Global Biodiversity Information Facility. [Online] [Accessed on 20th March 2020] 
https://www.gbif.org/. 
Gilbert, J. M., Baduel, C., Li, Y., Reichelt-Brushett, A. J., Butcher, P. A., McGrath, S. P., Peddemors, V. M., Hearn, 
L., Mueller, J. and Christidis, L. (2015) ‘Bioaccumulation of PCBs in liver tissue of dusky Carcharhinus obscurus, 
sandbar C. plumbeus and white Carcharodon carcharias sharks from south-eastern Australian waters.’ Mar. 
Pollut. Bull. Elsevier B.V., 101(2) pp. 908–913. 
Gilbert, J. M., Reichelt-Brushett, A. J., Butcher, P. A., McGrath, S. P., Peddemors, V. M., Bowling, A. C. and 
Christidis, L. (2015) ‘Metal and metalloid concentrations in the tissues of dusky Carcharhinus obscurus, 
sandbar C. plumbeus and white Carcharodon carcharias sharks from south-eastern Australian waters, and the 
implications for human consumption.’ Mar. Pollut. Bull. Elsevier Ltd, 92(1–2) pp. 186–194. 
Giraudoux, P. (2018) ‘pgirmess: Spatial Analysis and Data Mining for Field Ecologists.’ 
Gomes Ferreira, A., Vieira Faria, V., Veiga De Carvalho, C. E., Teixeira Lessa, R. P. and Santana Da Silva, F. M. 
(2004) ‘Total mercury in the Night Shark, Carcharhinus signatus in the western equatorial Atlantic Ocean.’ 
Braz. Arch. Biol. Technol., 47(4) pp. 629–634. 
Gray, C. A. and Kennelly, S. J. (2018) ‘Bycatches of endangered, threatened and protected species in marine 
fisheries.’ Rev. Fish Biol. Fish. Springer International Publishing, 28(3) pp. 521–541. 
van Hees, K. E. and Ebert, D. A. (2017) ‘An evaluation of mercury offloading in two Central California 
elasmobranchs.’ Sci. Total Environ. Elsevier B.V., 590–591 pp. 154–162. 
Hellberg, R. S., Isaacs, R. B. and Hernandez, E. L. (2019) ‘Identification of shark species in commercial products 
 43 
using DNA barcoding.’ Fish. Res. Elsevier, 210(April 2018) pp. 81–88. 
Helle, E., Olsson, M. and Jensen, S. (1976) ‘PCB levels correlted with pathalogical changes in seal uteri.’ Ambio, 
5(5) pp. 261–262. 
Henderson, L. and Green, C. (2020) ‘Making sense of microplastics? Public understandings of plastic pollution.’ 
Mar. Pollut. Bull. Elsevier, 152(October 2019) p. 110908. 
Hobbs, C. A. D., Potts, R. W. A., Bjerregaard Walsh, M., Usher, J. and Griffiths, A. M. (2019) ‘Using DNA 
Barcoding to Investigate Patterns of Species Utilisation in UK Shark Products Reveals Threatened Species on 
Sale.’ Sci. Rep., 9(1) pp. 1–10. 
Holmes, B. H., Steinke, D. and Ward, R. D. (2009) ‘Identification of shark and ray fins using DNA barcoding.’ 
Fish. Res., 95(2–3) pp. 280–288. 
Islam, M. S. and Tanaka, M. (2004) ‘Impacts of pollution on coastal and marine ecosystems including coastal 
and marine fisheries and approach for management: A review and synthesis.’ Mar. Pollut. Bull, 48(7–8) pp. 
624–649. 
IUCN (2020) The IUCN Red List of Threatened Species. 2019. [Online] [Accessed on 6th February 2020] 
https://www.iucnredlist.org. 
Ivar Do Sul, J. A. and Costa, M. F. (2014) ‘The present and future of microplastic pollution in the marine 
environment.’ Environ. Pollut. Elsevier Ltd, 185 pp. 352–364. 
Jepson, P. D., Deaville, R., Barber, J. L., Aguilar, À., Borrell, A., Murphy, S., Barry, J., Brownlow, A., Barnett, J., 
Berrow, S., Cunningham, A. A., Davison, N. J., Ten Doeschate, M., Esteban, R., Ferreira, M., Foote, A. D., Genov, 
T., Giménez, J., Loveridge, J., Llavona, Á., Martin, V., Maxwell, D. L., Papachlimitzou, A., Penrose, R., Perkins, M. 
W., Smith, B., De Stephanis, R., Tregenza, N., Verborgh, P., Fernandez, A. and Law, R. J. (2016) ‘PCB pollution 
continues to impact populations of orcas and other dolphins in European waters.’ Sci. Rep., 6(January) pp. 1–
17. 
Johansen, P., Muir, D., Asmund, G. and Riget, F. (2004) ‘Human exposure to contaminants in the traditional 
Greenland diet.’ Sci. Total Environ, 331(1–3) pp. 189–206. 
Johnson-Restrepo, B., Kannan, K., Addink, R. and Adams, D. H. (2005) ‘Polybrominated diphenyl ethers and 
polychlorinated biphenyls in a marine foodweb of coastal Florida.’ Environ. Sci. Technol., 39(21) pp. 8243–
8250. 
Johnson, R. (2014) ‘Food fraud and “Economically motivated adulteration” of food and food ingredients.’ 
 44 
Congressional Research Service, Washington, D.C., pp. 1–56. 
Kim, K. H., Jahan, S. A., Kabir, E. and Brown, R. J. C. (2013) ‘A review of airborne polycyclic aromatic 
hydrocarbons (PAHs) and their human health effects.’ Environ. Int. Elsevier Ltd, 60 pp. 71–80. 
Kiszka, J. J., Aubail, A., Hussey, N. E., Heithaus, M. R., Caurant, F. and Bustamante, P. (2015) ‘Plasticity of 
trophic interactions among sharks from the oceanic south-western Indian Ocean revealed by stable isotope 
and mercury analyses.’ Deep Sea Res. Part I Oceanogr. Res. Pap. Elsevier, 96 pp. 49–58. 
Kiviranta, H., Vartiainen, T. and Tuomisto, J. (2002) ‘Polychlorinated dibenzo-p-dioxins, dibenzofurans, and 
biphenyls in fishermen in Finland.’ Environ. Health Perspect., 110(4) pp. 355–361. 
Krystek, P. and Ritsema, R. (2005) ‘Mercury speciation in thawed out and refrozen fish samples by gas 
chromatography coupled to inductively coupled plasma mass spectrometry and atomic fluorescence 
spectroscopy.’ Anal. Bioanal. Chem., 381(2) pp. 354–359. 
Kummu, M., De Moel, H., Salvucci, G., Viviroli, D., Ward, P.J. and Varis, O. (2016). Over the hills and further 
away from coast: global geospatial patterns of human and environment over the 20th–21st centuries. Environ. 
Res. Lett., 11(3), p.034010. 
Lee, H. K., Jeong, Y., Lee, S., Jeong, W., Choy, E. J., Kang, C. K., Lee, W. C., Kim, S. J. and Moon, H. B. (2015) 
‘Persistent organochlorines in 13 shark species from offshore and coastal waters of Korea: Species-specific 
accumulation and contributing factors.’ Ecotoxicol. Environ. Saf. Elsevier, 115 pp. 195–202. 
Leng, J. H., Kayama, F., Wang, P. Y., Nakamura, M., Nakata, T. and Wang, Y. (2009) ‘Levels of persistent organic 
pollutants in human milk in two Chinese coastal cities, Tianjin and Yantai: Influence of fish consumption.’ 
Chemosphere. Elsevier Ltd, 75(5) pp. 634–639. 
Letcher, R. J., Bustnes, J. O., Dietz, R., Jenssen, B. M., Jørgensen, E. H., Sonne, C., Verreault, J., Vijayan, M. M. 
and Gabrielsen, G. W. (2010) ‘Exposure and effects assessment of persistent organohalogen contaminants in 
arctic wildlife and fish.’ Sci. Total Environ. Elsevier B.V., 408(15) pp. 2995–3043. 
Liu, S. Y. V., Chan, C. L. C., Lin, O., Hu, C. S. and Chen, C. A. (2013) ‘DNA barcoding of shark meats identify 
species composition and CITES-listed species from the markets in Taiwan.’ PLoS ONE, 8(11). 
Lopez, S. A., Abarca, N. L., Meléndez, R. and Meléndez, C. R. (2013) ‘Heavy metal concentrations of two highly 
migratory sharks (Prionace glauca and Isurus oxyrinchus) in the southeastern Pacific waters: comments on 
public health and conservation .’ Trop. Conserv. Sci., 6(1) pp. 126–137. 
Lucifora, L. O., García, V. B. and Worm, B. (2011) ‘Global diversity hotspots and conservation priorities for 
 45 
sharks.’ PLoS ONE, 6(5). 
Lyons, K. and Adams, D. H. (2015) ‘Maternal offloading of organochlorine contaminants in the yolk-sac 
placental scalloped hammerhead shark (Sphyrna lewini).’ Ecotoxicology, 24(3) pp. 553–562. 
Lyons, K. and Adams, D. H. (2017) ‘First evidence of persistent organic contaminants as potential 
anthropogenic stressors in the Barndoor Skate Dipturus laevis.’ Mar. Pollut. Bull. Elsevier Ltd, 116(1–2) pp. 
534–537. 
Lyons, K., Carlisle, A., Preti, A., Mull, C., Blasius, M., O’Sullivan, J., Winkler, C. and Lowe, C. G. (2013) ‘Effects of 
trophic ecology and habitat use on maternal transfer of contaminants in four species of young of the year 
lamniform sharks.’ Mar. Environ. Res. Elsevier Ltd, 90 pp. 27–38. 
Lyons, K. and Lowe, C. G. (2015) ‘Organochlorine contaminants and maternal offloading in the lecithotrophic 
Pacific angel shark (Squatina californica) collected from southern California.’ Mar. Pollut. Bull. Elsevier Ltd, 
97(1–2) pp. 518–522. 
Lyons, K., Preti, A., Madigan, D. J., Wells, R. J. D., Blasius, M. E., Snodgrass, O. E., Kacev, D., Harris, J. D., Dewar, 
H., Kohin, S., Mackenzie, K. and Lowe, C. G. (2015) ‘Insights into the life history and ecology of a large shortfin 
mako shark Isurus oxyrinchus captured in southern California.’ J. Fish Biol., 87(1) pp. 200–211. 
Matulik, A. G., Kerstetter, D. W., Hammerschlag, N., Divoll, T., Hammerschmidt, C. R. and Evers, D. C. (2017) 
‘Bioaccumulation and biomagnification of mercury and methylmercury in four sympatric coastal sharks in a 
protected subtropical lagoon.’ Mar. Pollut. Bull. Elsevier Ltd, 116(1–2) pp. 357–364. 
Man, Y. B., Wu, S. C. and Wong, M. H. (2014) ‘Shark fin, a symbol of wealth and good fortune may pose health 
risks: the case of mercury.’ Environ. Geochem. Health, 36(6) pp. 1015–1027. 
McKee, J. K., Sciulli, P. W., David Fooce, C. and Waite, T. A. (2004) ‘Forecasting global biodiversity threats 
associated with human population growth.’ Biol. Conserv., 115(1) pp. 161–164. 
McKinney, M. A., Dean, K., Hussey, N. E., Cliff, G., Wintner, S. P., Dudley, S. F. J., Zungu, M. P. and Fisk, A. T. 
(2016) ‘Global versus local causes and health implications of high mercury concentrations in sharks from the 
east coast of South Africa.’ Sci. Total Environ. Elsevier B.V., 541 pp. 176–183. 
McMeans, B. C., Arts, M. T. and Fisk, A. T. (2015) ‘Impacts of food web structure and feeding behavior on 
mercury exposure in Greenland Sharks (Somniosus microcephalus).’ Sci. Total Environ. Elsevier B.V., 509–510 
pp. 216–225. 
Megson, D., Benoit, N. B., Sandau, C. D., Chaudhuri, S. R., Long, T., Coulthard, E. and Johnson, G. W. (2019) 
 46 
‘Chemosphere Evaluation of the effectiveness of different indicator PCBs to estimating total PCB 
concentrations in environmental investigations.’ Chemosphere. Elsevier Ltd, 237 p. 124429. 
Megson, D., Kalin, R., Worsfold, P. J., Gauchotte-lindsay, C., Patterson, D. G., Lohan, M. C., Comber, S., Brown, 
T. A. and Sullivan, O. (2013) ‘Fingerprinting polychlorinated biphenyls in environmental samples using 
comprehensive two-dimensional gas chromatography with time-of-flight mass spectrometry.’ J. Chromatogr. A 
Elsevier B.V., 1318 pp. 276–283. 
Merly, L., Lange, L., Meÿer, M., Hewitt, A. M., Koen, P., Fischer, C., Muller, J., Schilack, V., Wentzel, M. and 
Hammerschlag, N. (2019) ‘Blood plasma levels of heavy metals and trace elements in white sharks 
(Carcharodon carcharias) and potential health consequences.’ Mar. Pollut. Bull. Elsevier, 142(December 2018) 
pp. 85–92. 
Miranda, D. de A. and de Carvalho-Souza, G. F. (2016) ‘Are we eating plastic-ingesting fish?’ Mar. Pollut. Bull. 
Elsevier Ltd, 103(1–2) pp. 109–114. 
Mohammed, A. and Mohammed, T. (2017) ‘Mercury, arsenic, cadmium and lead in two commercial shark 
species (Sphyrna lewini and Caraharinus porosus) in Trinidad and Tobago.’ Mar. Pollut. Bull. Elsevier, 119(2) 
pp. 214–218. 
Moher, D., Liberati, A., Tetzlaff, J., Altman, D. G. and Grp, P. (2009) ‘Preferred Reporting Items for Systematic 
Reviews and Meta-Analyses: The PRISMA Statement.’ Phys. Ther., 89(9) pp. 873–880. 
Molde, K., Ciesielski, T. M., Fisk, A. T., Lydersen, C., Kovacs, K. M., Sørmo, E. G. and Jenssen, B. M. (2013) 
‘Associations between vitamins A and E and legacy POP levels in highly contaminated Greenland sharks 
(Somniosus microcephalus).’ Sci. Total Environ. Elsevier B.V., 442 pp. 445–454. 
Moore, A. B. M., Bolam, T., Lyons, B. P. and Ellis, J. R. (2015) ‘Concentrations of trace elements in a rare and 
threatened coastal shark from the Arabian Gulf (smoothtooth blacktip Carcharhinus leiodon).’ Mar. Pollut. 
Bull. Elsevier Ltd, 100(2) pp. 646–650. 
Morris, T., Avenant-Oldewage, A., Lamberth, S. and Reed, C. (2016) ‘Shark parasites as bio-indicators of metals 
in two South African embayments.’ Mar. Pollut. Bull. Elsevier B.V., 104(1–2) pp. 221–228. 
Morrison, R. D. and Murphy, B. L. (2010) Environmental Forensics: Contaminant Specific Guide. Elsevier. 
Mull, C. G., Lyons, K., Blasius, M. E., Winkler, C., O’Sullivan, J. B. and Lowe, C. G. (2013) ‘Evidence of Maternal 
Offloading of Organic Contaminants in White Sharks (Carcharodon carcharias).’ PLoS ONE, 8(4) pp. 2–9. 
Mullon, C., Fréon, P. and Cury, P. (2005) ‘The dynamics of collapse in world fisheries.’ Fish Fish (Oxf), 6(2) pp. 
 47 
111–120. 
Nalluri, D., Baumann, Z., Abercrombie, D. L., Chapman, D. D., Hammerschmidt, C. R. and Fisher, N. S. (2014) 
‘Methylmercury in dried shark fins and shark fin soup from American restaurants.’ Sci. Total Environ, 496 pp. 
644–648. 
Nicolaus, E. E. M., Barry, J., Bolam, T. P. C., Lorance, P., Marandel, F., McCully Phillips, S. R., Neville, S. and Ellis, 
J. R. (2017) ‘Concentrations of mercury and other trace elements in two offshore skates: sandy ray Leucoraja 
circularis and shagreen ray L. fullonica.’ Mar. Pollut. Bull. Elsevier, 123(1–2) pp. 387–394. 
Nikolaou, A., Kostopoulou, M., Lofrano, G. and Meric, S. (2009) ‘Determination of PAHs in marine sediments: 
Analytical methods and environmental concerns.’ Glob. Nest J., 11(4) pp. 391–405. 
Olin, J. A., Beaudry, M., Fisk, A. T. and Paterson, G. (2014) ‘Age-related polychlorinated biphenyl dynamics in 
immature bull sharks (Carcharhinus leucas).’ Environ. Toxicol. Chem., 33(1) pp. 35–43. 
Olmedo, P., Pla, A., Hernández, A. F., Barbier, F., Ayouni, L. and Gil, F. (2013) ‘Determination of toxic elements 
(mercury, cadmium, lead, tin and arsenic) in fish and shellfish samples. Risk assessment for the consumers.’ 
Environ. Int. Elsevier Ltd, 59 pp. 63–72. 
Pandey, Govind and Madhuri, S. (2014) ‘Heavy metals causing toxicity in humans, animals and environment.’ J. 
Chem. Pharm. Sci., 3(February) pp. 172–174. 
Patandin, S., Dagnelie, P. C., Mulder, P. G. H., Op De Coul, E., Van Der Veen, J. E., Weisglas-Kuperus, N. and 
Sauer, P. J. J. (1999) ‘Dietary exposure to polychlorinated biphenyls and dioxins from infancy until adulthood: A 
comparison between breast-feeding, toddler, and long-term exposure.’ Environ. Health Perspect., 107(1) pp. 
45–51. 
Pazartzi, T., Siaperopoulou, S., Gubili, C., Maradidou, S., Loukovitis, D., Chatzispyrou, A., Griffiths, A. M., Minos, 
G. and Imsiridou, A. (2019) ‘High levels of mislabeling in shark meat – Investigating patterns of species 
utilization with DNA barcoding in Greek retailers.’ Food Control. Elsevier, 98(September 2018) pp. 179–186. 
Pegado, T. de S. e. S., Schmid, K., Winemiller, K. O., Chelazzi, D., Cincinelli, A., Dei, L. and Giarrizzo, T. (2018) 
‘First evidence of microplastic ingestion by fishes from the Amazon River estuary.’ Mar. Pollut. Bull. Elsevier, 
133(March) pp. 814–821. 
Pethybridge, H., Cossa, D. and Butler, E. C. V. (2010) ‘Mercury in 16 demersal sharks from southeast Australia: 
Biotic and abiotic sources of variation and consumer health implications.’ Mar. Environ. Res. Elsevier Ltd, 69(1) 
pp. 18–26. 
 48 
Pinsky, M. L., Jensen, O. P., Ricard, D. and Palumbi, S. R. (2011) ‘Unexpected patterns of fisheries collapse in 
the world’s oceans.’ PNAS, 108(20) pp. 8317–8322. 
R Core Team. (2019) ‘R: A language and environment for statistical computing. R Foundation for Statistical 
Computing.’ 
Reynolds, J. D., Dulvy, N. K., Goodwin, N. B. and Hutchings, J. A. (2005) ‘Biology of extinction risk in marine 
fishes.’ Proc. Royal Soc. B., 272(1579) pp. 2337–2344. 
Rignell-Hydbom, A., Axmon, A., Lundh, T., Jönsson, B. A., Tiido, T. and Spano, M. (2007) ‘Dietary exposure to 
methyl mercury and PCB and the associations with semen parameters among Swedish fishermen.’ Environ. 
Health., 6 pp. 1–10. 
Rosenfelder, N., Lehnert, K., Kaffarnik, S., Torres, J. P. M., Vianna, M. and Vetter, W. (2012) ‘Thorough analysis 
of polyhalogenated compounds in ray liver samples off the coast of Rio de Janeiro, Brazil.’ Environ. Sci. Pollut. 
Res., 19(2) pp. 379–389. 
Rumbold, D., Wasno, R., Hammerschlag, N. and Volety, A. (2014) ‘Mercury Accumulation in Sharks From the 
Coastal Waters of Southwest Florida.’ Arch. Environ. Contam. Toxicol., 67(3) pp. 402–412. 
Sanderson, E. W., Jaiteh, M., Levy, M. A., Redford, K. H., Wannebo, A. V. and Woolmer, G. (2002) ‘The Human 
Footprint and the Last of the Wild.’ BioScience, 52(10) p. 891. 
Sandoval-Herrera, N. I., Vargas-Soto, J. S., Espinoza, M., Clarke, T. M., Fisk, A. T. and Wehrtmann, I. S. (2016) 
‘Mercury levels in muscle tissue of four common elasmobranch species from the Pacific coast of Costa Rica, 
Central America.’ Reg. Stud. Mar. Sci. Elsevier B.V., 3 pp. 254–261. 
Sharma, B. M., Bharat, G. K., Tayal, S., Nizzetto, L., Čupr, P. and Larssen, T. (2014) ‘Environment and human 
exposure to persistent organic pollutants (POPs) in India: A systematic review of recent and historical data.’ 
Environ. Int., 66 pp. 48–64. 
Simpfendorfer, C. A., Heupel, M. R., White, W. T. and Dulvy, N. K. (2011) ‘The importance of research and 
public opinion to conservation management of sharks and rays: A synthesis.’ Mar. Freshw. Res., 62(6) pp. 518–
527. 
Smith, L. E. (2018) ‘Plastic ingestion by Scyliorhinus canicula trawl captured in the North Sea.’ Mar. Pollut. Bull. 
Elsevier, 130(February) pp. 6–7. 
Spink, J. and Moyer, D. C. (2011) ‘Defining the public health threat of food fraud.’ J. Food Sci., 76(9). 
Staffen, C. F., Staffen, M. D., Becker, M. L., Löfgren, S. E., Muniz, Y. C. N., de Freitas, R. H. A. and Marrero, A. R. 
 49 
(2017) ‘DNA barcoding reveals the mislabeling of fish in a popular tourist destination in Brazil.’ PeerJ, 2017(11) 
pp. 1–13. 
Steinke, D., Bernard, A. M., Horn, R. L., Hilton, P., Hanner, R. and Shivji, M. S. (2017) ‘DNA analysis of traded 
shark fins and mobulid gill plates reveals a high proportion of species of conservation concern.’ Sci. Rep.. 
Springer US, 7(1) p. 9505. 
Storelli, M. M., Giacominelli-Stuffler, R., Storelli, A., D’Addabbo, R., Palermo, C. and Marcotrigiano, G. O. (2003) 
‘Survey of total mercury and methylmercury levels in edible fish from the Adriatic Sea.’ Food. Addit. Contam, 
20(12) pp. 1114–1119. 
Storelli, M. M. and Marcotrigiano, G. O. (2001) ‘Persistent organochlorine residues and toxic evaluation of 
polychlorinated biphenyls in sharks from the Mediterranean Sea (Italy).’ Mar. Pollut. Bull, 42(12) pp. 1323–
1329. 
Streit, B. (1998) ‘Bioaccumulation of contaminants in fish.’ In Fish Ecotoxicology. 86th ed, pp. 353-387. 
Birkhäuser: Basel. 
Svensson, B. G., Nilsson, A., Jonsson, E., Schutz, A., Akesson, B. and Hagmar, L. (1995) ‘Fish consumption and 
exposure to persistent organochlorine compounds, mercury, selenium and methylamines among Swedish 
fishermen.’ Scand. J. Work. Env. Hea., 21(2) pp. 96–105. 
Tanabe, S., Mori, T., Tatsukawa, R. and Miyazaki, N. (1983) ‘Global pollution of marine mammals by PCBs, DDTs 
and HCHs (BHCs).’ Chemosphere, 12(9–10) pp. 1269–1275. 
Teffer, A. K., Staudinger, M. D., Taylor, D. L. and Juanes, F. (2014) ‘Trophic influences on mercury accumulation 
in top pelagic predators from offshore New England waters of the northwest atlantic ocean.’ Mar. Environ. 
Res. Elsevier Ltd, 101(1) pp. 124–134. 
Terrazas-López, R., Arreola-Mendoza, L., Galván-Magaña, F., Anguiano-Zamora, M., Sujitha, S. B. and Jonathan, 
M. P. (2016) ‘Cadmium concentration in liver and muscle of silky shark (Carcharhinus falciformis) in the tip of 
Baja California south, México.’ Mar. Pollut. Bull. Elsevier B.V., 107(1) pp. 389–392. 
Toft, G., Rignell-Hydbom, A., Tyrkiel, E., Shvets, M., Giwercman, A., Lindh, C. H., Pedersen, H. S., Ludwicki, J. K., 
Lesovoy, V., Hagmar, L., Spanó, M., Manicardi, G. C., Bonefeld-Jorgensen, E. C., Thulstrup, A. M. and Bonde, J. 
P. (2006) ‘Semen quality and exposure to persistent organochlorine pollutants.’ Epidemiology, 17(4) pp. 450–
458. 
 50 
Torres, P., Tristão da Cunha, R., Micaelo, C. and Rodrigues, A. dos S. (2016) ‘Bioaccumulation of metals and 
PCBs in Raja clavata.’ Sci. Total Environ. Elsevier B.V., 573 pp. 1021–1030. 
U.S. Environmental Protection Agency (2011) ‘USEPA Exposure Factors Handbook Chapter 8: Body Weight 
studies.’ Exposure Factors Handbook, 90(106774) pp. 8–2 (September). Office of Health and Environmental 
Assessment, US Environmental Protection Agency. 
United Nations Environment Program (2017) Towards a Pollution-Free Planet Background Report. United 
Nations Environment Programme. Nairobi: UN Environment. 
van den Berg, M., Birnbauml, L., Bosveld, A. T. C., Brunstrdm, B., Cook, P., Feely, M., Giesy, P., Hanberg, A., 
Hasegawa, R., Kennedy, S. W., Kubiak, T., Larsen, J. C., Leeuweny, F. X. R. Van, Liem, A. K. D., Nolt, C., Peterson, 
R. E., Poellinger, L., Schrenk, D., Tillitt, D., Tysklind, A. M., Younes, M., Warn, F. and Zacharewsk, T. (1998) 
‘Toxic Equivalency Factors (TEFs) for PCBs, PCDDs, PCDFs for Humans and Wildlife.’ Environ. Health Perspect., 
106(12). 
van den Berg, M., Birnbaum, L. S., Denison, M., De Vito, M., Farland, W., Feeley, M., Fiedler, H., Hakansson, H., 
Hanberg, A., Haws, L., Rose, M., Safe, S., Schrenk, D., Tohyama, C., Tritscher, A., Tuomisto, J., Tysklind, M., 
Walker, N. and Peterson, R. E. (2006) ‘The 2005 World Health Organization reevaluation of human and 
mammalian toxic equivalency factors for dioxins and dioxin-like compounds.’ Toxicol. Sci., 93(2) pp. 223–241. 
Vélez-Alavez, M., Labrada-Martagón, V., Méndez-Rodriguez, L. C., Galván-Magaña, F. and Zenteno-Savín, T. 
(2013) ‘Oxidative stress indicators and trace element concentrations in tissues of mako shark (Isurus 
oxyrinchus).’ Comp. Biochem. Physiol. A: Physiol. Elsevier Inc., 165(4) pp. 508–514. 
Vračko, P., Tuomisto, J., Grad, J. and Kunsele, E. (2007) Exposure of children to chemical hazards in food. 
Wainwright, B. J., Ip, Y. C. A., Neo, M. L., Chang, J. J. M., Gan, C. Z., Clark-Shen, N., Huang, D. and Rao, M. 
(2018) ‘DNA barcoding of traded shark fins, meat and mobulid gill plates in Singapore uncovers numerous 
threatened species.’ Conserv. Genet. Springer Netherlands, 19(6) pp. 1393–1399. 
Walker, M. J., Burns, M. and Burns, D. T. (2013) ‘Horse Meat in Beef Products- Species Substitution 2013.’ J. 
Assoc. Publ. Analysts. (Online), 41(November) pp. 67–106. 
Wang, Q., Kim, D., Dionysiou, D. D., Sorial, G. A. and Timberlake, D. (2004) ‘Sources and remediation for 
mercury contamination in aquatic systems - A literature review.’ Environ. Pollut, 131(2) pp. 323–336. 
Weijs, L., Briels, N., Adams, D. H., Lepoint, G., Das, K., Blust, R. and Covaci, A. (2015) ‘Maternal transfer of 
organohalogenated compounds in sharks and stingrays.’ Mar. Pollut. Bull. Elsevier Ltd, 92(1–2) pp. 59–68. 
 51 
WHO (1961) Evaluation of the carcinogenic hazards of food additives. Fifth report of the joint FAO/WHO 
Expert Committee on Food Additives. WHO. Tech. Rep. Ser, 220 
WHO (2010) ‘Exposure to Dioxins and Dioxin-like Substances: a Major Public Health Concern’ p. 6. 
WHO (2020) Persistent organic pollutants (POPs). Food Safety. [Online] [Accessed on 6th February 2020] 
https://www.who.int/foodsafety/areas_work/chemical-risks/pops/en/. 
WHO and FAO (2000) Report of the Joint Meeting of the FAO Panel of Experts on Pesticide Residues in Food and 
the Environment and the WHO Core Assessment Group. Food and Agriculture Organization Plant Production 
and Protection Paper 163. 
Wong, E. H. K., Shivji, M. S. and Hanner, R. H. (2009) ‘Identifying sharks with DNA barcodes: Assessing the 
utility of a nucleotide diagnostic approach.’ Mol. Ecol. Resour., 9 pp. 243–256. 
Worm, B., Davis, B., Kettemer, L., Ward-Paige, C. A., Chapman, D., Heithaus, M. R., Kessel, S. T. and Gruber, S. 
H. (2013) ‘Global catches, exploitation rates, and rebuilding options for sharks.’ Mar. Policy. Elsevier, 40(1) pp. 
194–204. 
Wright, S. L., Thompson, R. C. and Galloway, T. S. (2013) ‘The physical impacts of microplastics on marine 
organisms: a review.’ Environ. Pollut (Barking, Essex : 1987). Elsevier Ltd, 178 pp. 483–492. 
Xanthos, D. and Walker, T. R. (2017) ‘International policies to reduce plastic marine pollution from single-use 
plastics (plastic bags and microbeads): A review.’ Mar. Pollut. Bull. Elsevier Ltd, 118(1–2) pp. 17–26. 
Zeng, Y., Wu, Z., Zhang, C., Meng, Z., Jiang, Z. and Zhang, J. (2016) ‘DNA barcoding of Mobulid Ray Gill Rakers 
for Implementing CITES on Elasmobranch in China.’ Sci. Rep. Nature Publishing Group, 6(November) pp. 1–9. 
Zheng, N., Wang, Q., Zhang, X., Zheng, D., Zhang, Z. and Zhang, S. (2007) ‘Population health risk due to dietary 
intake of heavy metals in the industrial area of Huludao city, China.’ Sci. Total Environ, 387(1–3) pp. 96–104. 
